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PREFACE 


In  this  volume  are  the  papers  and  discussions  presented  at  the  New 
York  meeting,  February,  1922,  except  those  on  Iron  and  Steel  (which 
have  been  printed  in  Volume  LXVII),  and  the  San  Francisco  meeting, 
September,  1922;  also  Proceedings  of  the  San  Francisco  meeting. 
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Hunt,  Robert  W.,   M,  '70-S:  V,  '83,  '06:  D, 

'13-17. 
•Hunt,  T.  Stekry,  M,  '73-5:  P,  '77:  V,  '88-9. 

Ingalls,  W.  R.,  C,  '07-9. 

Jackling,  D.  C,  D,  '14-16. 

Janeway,  John  H.,  Jr.,  C,  '12:  D,  '13-15. 
•Jennings,  Hennen,  C,  '12:  D,  '15-19. 

Jennings,  Robert  E.,  C,  '10-12. 

Jennings,  Sidney  J.,  C,  '12;  V,  '13-17:  P,  '18. 
•Johnson,  J.  E.,  M,  '86-8,  '01. 
•Johnson,  J.  E.,  Jr.,  D,  '17-19. 

Jones,  Clemens  C,  M,  '02-3. 

Kelly,  William,  C,  '10-12,  D,  '22. 

Kemp,  J.  F.,  M,  '96-8;  V,  '03-4:  D,  '05-12;  P. 
'12;  PD,  '12. 

Kennedy,  J.,  V,  '04-5. 
•Kent,  Joseph  C,  V,  '74-5. 
•Kent,  William,  M,  '00-2. 
•Kerr,  W.  C,  V,  '83. 
•Keyes,  W.  S.,  M,  '80-2:  V,  '84. 

Kimball,  J.  P..  V,  '81-2. 

KiRBY,  E.  B.,  VD,  '12;  D,  '13-14. 
•Kirchhoff,  C,  M,  '87-9,  '92-4:  V,  '96-7:  P.  '98, 
•11;  D,  '07-12. 

Klepetko,  Frank,  M,  '03-4;  C,  '05:  D,  '05-6. 

Kunhardt,  W.  B.,  V,  '95-6. 

KuNz,  Geo.  F.,  V,  '99-01. 

Laist,  Frederick,  V,  '20-22. 
•Lathrop,  William  A.,  V,  '11-12. 
•Lawrence,  B.  B.,  M,  '03-4;  C,  '05:  V,  '10-11. 
•Leckie,  Robt.  G.,  V,  '93-4. 

Ledoux,  Albert  R.,  M,  '95-7;  V,  '98-9,  '19-22, 

P,  '03;  D,  '05-16. 
•Lee,  j.  H.,  V,  '02-3. 

Leqgett,  Thomas  H.,  V,  '13-15. 
•Lesley,  J.  P.,  M,  '72-4. 
•Lewis,  James  F.,  M,  '79-81;  V,  '86-7,  '95-6. 

Lindgren,  Waldemar,  V,  '12-13. 

Ludlow,  Edwin,  D,  '16-19,  V,  '19-20,  P,  '21 
•Lyman,  B.  S.,  M,  '96-8. 

Lyman,  Frank,  M,  '97-9;  T,  '03-12;  C,  '05-6 
D,  '05-12. 

Macdonald,  Charles,  V,  '82-3,  '89-90. 
'Mackintosh,  J.  B.,  M,  '91. 

MacNaughton,  James,  V,  '16-18. 

Markle,  John,  V,  '03-4. 

Mather,  W.  G.,  D,  '21-22. 

Mathewson,  E.  p.,  D,  '13-15,  '21-22. 
•Maynard,  George  W.,  M,  '71-4,  '85-6:  V,  '04- 
5. 

McCreath,  Andrew  S.,  M,  '82-4. 
'McNair,  T.  S.,  M,  '71,  '84. 

Merrill,  Charles  W.,  D,  '14-16. 
'Metcalf,  William,  V,  '78-9;  P,  '81. 

Miller,  Willet  G.,  C,  '09-11;  D,  '17-19. 
•Moen,  Philip  W.,  V,  ^03-4. 
•Moffat,  E.  S.,  M,  '83,  •SS;  V,  ^87,  •89. 

Moore,  Philip  N.,  V,  '15-16;  P,  '17. 

MuDD,  S.W.,V, '20-22. 

Munroe,  H.  S.,  M,  '81-4;  V,  '90-1. 

Neill,  James  W.,  M,  '02-4. 
'Neilson,  W.  G.,  M,  '86-8. 

Newberry,  J.  S.,  M,  ^76-8. 

NoRRis,  R.  v.,  C,  '08-10;  V,  '11-12,  D, '20-22. 

Olcott,  E.  E.,  P,  '01-2. 

Olcott,  W.  j.,  M,  '98-00;  C,  '11-12;  D,  '13. 

Page,  W.  N.,  V,  '99-00. 

Parker,  E.  W.,  M,  '02-4. 

Pearce,  Richard,  V,  '85-6:  P,  '89. 
•Pearse,  John  B.,  V,  '77-8. 

Pechin,  E.  C,  M,  '72;  V,  '73,  '75-6,  !8o,  '91-2. 
•Peters,  E.  D.,  Jr.,  V,  '98-9. 

Petherick,  Thomas,  M,  '71-2,  V,  '84. 
•Pettee,  Wm.  H.,  M,  '73,  '89-91;  V,  '81-2. 
•Platt,  j.  C,  V,  '94-5. 

Porter,  J.  A.,  M,  '91-3. 

Potter,  E.  C,  V,  '99-00. 
•Potter,  William  B.,  M,  '78-80:  P,  '88. 

Powell,  J.  W.,  V,  '82-3. 

Prime,  Fred,  Jr.,  M,  '71-3. 

Pumpelly,  Raphael,  M,  '71. 

Ralston,  W.  C,  V,  '00-1,  '09-10. 

Rand,  Charles  F.,  C,  '10-12;  D,  '12;  '16-22; 

P   '13*  T   '22 
•Rand,"  Theodore  D.,  T,  •73-02. 


'  Deceased 
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•Randoi,,  J.  B.,  V,  '00-1. 

Randolph.  J.  C.  F.,  M,  '81-3;  V.  '91-2. 

Raymond,  Robert  M.,  D,  '17-18;  V,  '18-20. 
•Raymond,  R.  W.,  V,  '71,  '76-7;  P,  '72-4:  S,  '84- 
11:  S.  Em.  '11-18. 

Requa,  Mark  L.,  V,  '17-19. 

Reynders,  J.  V.  W.,  D,  '19-'21,  V,  '22. 
•Richards,  Joseph  W.,  V,  '10-11;  C,  '12;   D, 
•13-15;  V,  '16-17. 

Richards,  Robert  H.,  V,  '79-80;  P,  '86. 

RiCKARD,  T.  A.,  M,  '94-6;  D,  '05;  C,  '05-6. 

RiCKETTS,  L.  D.,  D,  '13-16;  P,  '16. 

Ries,  Heinrich,  M,  '03-4;  C,  '05. 

Roberts,  Percival,  Jr.,  M,  '80-2;  V.  '89-90. 

Robertson,  Kenneth,  M,  '88-90. 

Robertson,  Wm.  F.,  C,  '06-8. 

Robinson,  Burr  A.,  s,  '13-17. 

Robinson,  C.  S.,  D,  '13. 

Rogers,  Allen  H.,  D.  ,  '17-19. 

Rolker,  C.  M.,  M,  '88-90. 

•Rothwell,    Richard   P.,    M,   '71,   '98-00;    V, 
'72-3,  '75-6:  P,  '82. 

Saunders,  W.  L.,  V,  '09-10,  '14;  P,  '15. 

Sauteur,  Albert,  V,  '10,  '11. 

Sharpless,  Frederick  F.,  S,  E,  '21-22. 

Sheafer,  W.  L.,  M,  '  3-5. 
•Shinn,  William  P.,  V,  '77-8;  P,  '80. 

Shockley,  William  H.,  C,  '08-10. 

Shook,  A.  M.,  M,  '93-5. 

Smith,  George  Otis,  D,  '21-22. 

Smock,  John  C,  M,  '75-7,  '91-3. 

Smyth,  Henry  L.,  D,  '14-16. 

Snow,  Chas.  H.,  M,  '04;  C,  '05-6;  D,  '05-10. 
•Spilsbury,  E.  G.,  M,  '85-7;  V,  '93-4:  P,  '96. 
•Stanton,  F.  McM.,  M,  '97-9. 


•Stanton,  John,  V,  '92-3. 
•Stearns,  I.  A.,  V,  '05-6. 

Stearns,  T.  B.,  D,  '16-18,  '22. 
•Stbtepeldt,  C.  a.,  V,  '85-6,  '95-6. 

Stone,  G.  C.  SD,  '12;  D,  '13-19;  T,  '13-18. 

Stoughton,  Bradley,  S,  E.,  '13-21. 

Struthers,  J.,  e,  '03-5;  s,  '06-10;  t,  E,  '06-12; 

D,  '11,  S,  '11-12. 
•Swoyer,  J.  H.,  V,  '71. 
•Symons,  W.  R.,  V,  '71-2;  M,  '73-4. 

Taylor,  Samuel  A.,  D,  '15-20. 
•Taylor,  W.  J.,  M,  '90-2,  '99-01. 

Thacher,  Arthur,  D,  '18-20. 

Thayer,  Benjamin  B.,  V,  '12-13;  P,  '14; 

D,  '17-18. 
•Thomas,  David,  P,  '71. 
•Thomas,  Samuel,  V,  '79-80. 
•Thompson,  Charles  O.,  V,  '81-2. 
•Thurston,  Robert  H.,  V,  '78-9. 
•Valentine,  M.  D.,  M,  '02-4. 

Walcott,  C.  D.,  V,  '04-5. 

Walker,  Arthur  L.,  D,  '11. 

Walker,  W.  R.,  D,  "19. 

Webster,  William  R.,  M,  '95-7. 
•Weeks,  J.  D.,  V,  '86-7;  M,  '90-2:  P,  '95. 
•Wellman,  S.  T.,  V,  '83-4:  M,  '90-2. 
•Williams,  Gardner  F..  V,  '11-12. 

Williams,  T.  M.,  M,  '71. 
•Williamson,  J.  Pryor,  T,  '71-2. 

Winchell,  H.  v.,  M,  '01-3;  V,  '09-10;  P,  '19. 

WiNSLOW,  A.,  M,  '99-01. 
•Witherbee,  Thos.  F.,  M,  '76-8. 

Wood,  Walter,  C,  '06-8. 

Wrather,  W.  E.,  D,  '21-22. 
•Young,  Edwaed  L.,  C,  '11-12;  D,  '13-14. 


•Deceased. 

Year  of 
Election 

MeibTS  Honorary  Members 

1913.  Dr.  Frank  Dawson  Adams Montreal,    Canada 

1921.  William  Cuthbebt  Bl.*.ckett Sacriston,  Durham,   England 

1920.  Henry  Sturgis  Drinker Merion  Station,  Pa. 

1921.  Marshal  Ferdinand  Foch Paris,   France 

1888.  Prop.  Haton  de  la  Goupilliere Paris,   France 

1906.  Sir  Robert  A.  Hadfield London,   England 

1922.  Dr.  Federico  Giolitti Torino,    Italy 

1921.  Frank  William  Harbord London,  England 

1921.  Heinrich   O.   Hofman Cambridge,   Mass. 

1917.  Herbert    Hoover Stanford    University,    Cal. 

1919.  Robert    W.    Hunt Chicago,    111. 

1915.  James  Furman  Kemp New  York,  N.  Y. 

1905.  Prof.  Henri  Louis  Le  Chatelier Paris,   France 

1921.  C.  McDermid London,   England 

1913.  EzEQUiEL    Ordonez Mexico    City,      Mexico 

1909.  Alexandre  Pourcel Paris,   France 

1911.  Robert  H.  Richards Boston,   Mass. 

1906.  John  E.  Stead Middlesbrough,  England 

1907.  Charles   D.    Walcott Washington,    D.    C. 


Honorary  Members  (Deceased) 


Year  of 
Decease 

1876.  Prop.  Richard  Akebman 1922  1890. 

1872.  Sir  Lowthian  Bell ...1904  1886. 

1905.  Andrew  Carnegie 1919  1888. 

1892.  A.  Del  Castillo 1895  1911. 

1902.  Manuel  Maria  Contreras.  .  .  1902  1884. 

1888.  A.  Daubr^e 1896  1899. 

1906.  James  Douglas 1918  1890. 

1884.  Thomas  M.  Drown 1904  1880. 

1890.  Moritz  Gaetzschmann 1895  1909. 

1873.  L.  Gruner 1883  1872. 

1891.  Bruno  Kerl 1905  1902. 

1895.  Joseph  Le  CoNTE 1901  1873. 

1891.  J.P.Lesley 1903  1885. 

1899.  Floris  Osmond 1912  1910. 


Year  of 
Decease 


Adolph  Patera 1890 

John  Percy 1889 

Franz  Posepny 1895 

RossiTER  W.  Raymond 1918 

Theodor  Richter 1898 

W.  C.  Roberts-Austen 1902 

Albert  Serlo 1898 

C.  William  Siemens 1883 

James  M.  Swank 1914 

D.'iviD  Thomas 1882 

Prop.  Dimitry  Constantin  Tschernofp.  .1921 

Peter  R.  von  Tunner 1897 

Hermann  Wedding 1908 

Prop.  Tsunashiro  Wada .  .1920 
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Standing  Committees 


ARTHUR  S.  DWIGHT 
E  .  P.  MATHEWSON 


EXECUTIVB 
A.  R.  LEDOUX,  Chairman 


W,  M.  CORSE 


Membership 

E.  DeGOLYER  Chairman 
W.  Y.  WESTERVELT,  Vice-chairman 
H,  G.  MOULTONj 


CHARLES  F.  RAND 
J.  V.  W.  REYNDERS 


c.  minot  weld 


GEORGE  D.  BARRON 


JOHN  H.  JANEWAY* 
ROBERT  LINTONi 


Finance 

WALTER  H.  ALDRIDGE,  Chairman 

GALEN  H.  CLEVENGER 

LiBRART 

GEORGE  C.  STONE,*  Chairman 

ALEXANDER  C.  HUMPHREYS, 
FREDERICK  F.  SHARPLESS 


Papers  and  Publications 

SYDNEY  H.  BALL,  Chairman 
FREDERICK  F.  SHARPLESS,  Secretary 
Executive  Committee 
SYDNEY  H.  BALL  PAUL  D.  MERICA 

PERCY  E.  BARBOUR  R.  V.  NORRIS 

GALEN  H.  CLEVENGER  FREDERICK  F.  SHARPLESS 

B.  B.  GOTTSBERGER  GEORGE  C.  STONE 

HENRY  D.  HIBBARD  ARTHUR  L.  WALKER 

ROBERT  LINTON  CHESTER  W.  WASHBURNE 

General  Committee 

E.  P.  MATHEWSON 

H.  G.  MOULTON 

T.  T.  READ 

WILLIAM  ALLEN  SMITH 

BRADLEY  STOUGHTON 

ARTHUR  F.  TAGGART 

B.  F.  TILLSON 


DOUGLAS  BUNTING 
F.  G.  CLAPP 
WILLIAM  A.  COWAN 
WILLIAM  CAMPBELL 
E.  De  GOLYER 
ERNEST  H.  DICKENSON 
RICHARD  B.  T.  KILIANI 


JAMES  F.  KEMP 


CHARLES  S.  WITHERELL 


Nominations 

ROBERT  LINTON,  Chairman 
FRED  CRABTREE  ARTHUR  NOTMAN 

JAMES  F.  KEMP  D.  M.  RIORDAN 

WALTER  E.  McCOURT  RUSH  J.  WHITE 


A.  R.  LEDOUX 


Committee  to  Cooperate  with  Canadian  Mining  Institute 

E.  P.  MATHEWSON,  Chairman 


L.  K.  ARMSTRONG 


Committee  on  Scholarship  at  Columbia  University 
sidney  j.  jennings  george  d.  barron       , .  arthur  s.  dwight 

(In  cooperation  with  Woman's  Auxiliary) 


•  Until  Feb.,  1923. 


=  Until  Feb.,  1924. 


»  Until  Feb.,  1925.  « Until  Feb.,  1926. 


Xvi  LOCAL  SECTION   COMMITTEES 

Executive  Committees  of  Local  Sections 

New  York 

Meets  first  Wednesday  after  first  Tuesday  of  each  month. 

ROBERT  LINTON,  Chairman  ^tt^t^tttt    ir-       i    • 

R   M   RAYMOND.  Vice-chairman  .  ^       ^  ^^       D.  M.  LIDDELL,  Vxce-chavrman 

B.  B.  GOTTSBE^RG^Eg'^''^'^'''  ^-^'-^-'^^'^'■^^-  '^  ^^"^'  '^-  ^^'^  "b^iTaSl^Y  STOUGHTON 

Boston 

W   c^pFNCER  HUTCHINSON^cfairmar^'^  °'  '"''  ''''^*^'h!°A  WENTWORTH.  Vice-chairman 
W.  SPENCER  HOTraiN^SON^^^jr^asurer.  Room  909.  55  Congress  St..  Boston.  Mass 
DANIEL  GUSHING  ^-  ^-  ^^^'■^^ 

Columbia 

RUSH  Jl^n^dJn'k   ARMSTRONG,  Secre/ary.freas«rer.  720  Peyton  BMg..  Spokane.  Wash 

IVAN  De  LASHMUTT.  Past  Chairman  FRANClb  A.  1  HOMbUiN 

PuGET  Sound 

MILNOR  ROBERTS.  C;.airman  ^    „   ^    -PA^?/  s£ule  ^W^h'   ^'"-^'"''^'"'*" 

.^n.  <,T  ATP^-  ^-  -^EN^I^S'  5--'-^-'-—-  ^-  C-  Sxmth  Bldg..  Seattk^^h^  SIMENSTAD 
AMOb  faljAlilirt 

SOUTHEEN    CaUFORNIA 
TTA-RTJV  T?    TOHNSON  Chairman  J-  NELSON  NEVIUS.  Vice-chairman 

%Esl^V^FYTRs!sZ7a7yleasurer,  433  Merchants  National  Bank  Bldg..  Los^Ang^eles.^  C^aL 

^.l'M?LAm''°  LW.WICKES 

Colorado 

1    n  POT^FRTS   Chairman  CHARLES  N.  BELL,  Vice-chairman 

3.  C.  ROBERTb,^C^a^rman^^^  Secretary-treasurer.  220  State-Museum  Bldg..  Denver.  Colo. 

HERBERT  ADDISON  '^^^"^  ^^-  ^'^^ 

Montana 

wTTTTAATB   FiATV   rhairmtin  L.  W.  BENBER,  Vice-chairman 

WILLIAM  BED-^VoUNG?Secreiari,-«rea.urer.  526  Hennessy  Building.  Butte.  Mont  -,^^p,^ 

GEORGE  T.  McGEE  ^-  ^^-  NORRIS 

San  Francisco 

ATBFRT  BrRCH   Chairman''''  ''"""^  ^""'''  "'  ^^'^^THEODORE  J.  HOOVER.  Vice-chairman 
ALBERT  B^RCH.  C;.aj^«<^n^^^^^^^^^_^^^^^^^^^^  ^,5  Market  St..  San  Francisco   Cal 

JULES  LABARTHE  W.\LTER  S.  WEEKS 

Pennsylvania  Anthracite 

R   V   NORRIS,  Chairman  „„    „        ,    . 

nxj!.mv^v  -nnnvn    Vice  chairman  J.  B.  WARRINER.  Vtc«-c^trn.an 

nnrri  Acf^lVNTrnG^''''''  S-eeary-(rea..^er.Lehjgh  Valley  Coal  Co.,  ^"^  ^^^lf^-^l>/^-^^^,^^ 
Fo'hN  M.'hu'mPHREY  A.-b'^JESSUP  ROBERT  A.  QUIN 

St.  Louis 

B.  O.  MAHAFFEY,  Chairman  C.  G.  gRESSER.  Vu:eMr^^n 

Chicago 

A.  D.  TERRELL,  Chairman 
W.  F.  BOERICKE,  Secretary-treasurer,  208  South  La  Salle  St.,  Chicago,  UK    ^  -wALSII 

F.  G.  FABIAN  w   o    WRIGHT 

L.V.RICE  w.K.  WKiutii 

Utah 

HENRY  M.  ADKINSON,  Chairman  ^  ^, .       q^u^.?.  rit?"uta^h  ^^-'=*'»"'-"'"" 

E.  R.  PEMBROKE,  5ecretarj/-«reosurer,  Kearns  Bldg.,  Salt  Lake  City,  Utah^ 

ERNEST  GAYFORD  "'•  ■*•  "'^^S"^ 

Arizona 

CHARLES  A.  MITKE,  Chairman 
WH^LIAM  SABEN,  1st  Vice-chairman      ^  ^  IRA  B   JORALEMON,  2d  Vice-chairman 

I.  H.  BARKDOLL,  Sefrefarw-'reasurcr,  Box  1414.  Globe,  AriB.         „„aTr,TT 
W   S   BOYD  L.O.HOWARD  H.  H.  STOl  T 

v/.t>.  nuxu  DeWITT  SMITH 
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Nevada 

R.  A.  HARDY,  Chainnan  J.  C.  JONliS,  Vice-chairman 

HENRY  M.  RlVIiS,  Secretary-treasurer,  210  Reno  National  Bank  Bldg..  Reno,   Nev 
EMMET  D.  BOYLE  WALTER  S.  LARSH  GEORGE  C.  RISER 

JOHN  G.  KIRCHEN  S.  C.  LIND  ALEXANDER  WISE 

JOHN  R.  REIGART 

Mid-Continent 

H.  B.  GOODRICH,  Chairman 
J.  A.  UDDEN,  Vice-chairman  W.  E.  PRATT,  Vice-chairman 

SIDNEY  POWERS,  Vice-chairman 
R.  S.  McFARLAND,  Secretary-treasurer,  Tulsa,  Okla. 

w.  r.  hamilton        alex.  deussen        alf.  g.  heggem  c.  h.  taylor 

Washington,  D.  C. 

SIDNEY  PAIGE,  Chairman 
S.  S.  ARENTZ,  Vice-chairman  H    C    MORRIS    Vice-chairman 

JOHN  ALDEN  GRIMES,  Secretary-treasurer,  3S00  14th  St.,  N.  W.  Washington   D   C 
E.  A.  HOLBROOK  G.  K.  BURGESS  S.  B.  MARSHALL  C.  c".  GRIGGS 

Mexico 

(Instituto  Mexicano  de  Minas  y  Metalurgia) 
VICTOR  M.  BRASCHI,  Chairman,  Committee  on  Organization 

Pittsburgh 

FREDERICK  CRABTREE,  Chairman 
S.  L.  GOODALE,  Secretary-treasurer,  University  of  Pittsburgh,  Pittsburgh,  Pa. 

Wisconsin 

R.  S.  McCAFFERY,  Chairman  W.  N.  SMITH,  Vice-chairman 

A.  E.  DRUCKER,  Secretary-treasurer,  University  of  Illinois,  Urbana   III 
A.  N.  WINCHELL  HAROLD  6.  DAVIDSON 

Ohio 

ZAY  JEFFRIES,  Chairman 
C.  H.  MUNGER,  Vice-chairman  F.  R.  VAN  HORN,  Vice-chairman 

C.  B.  MURRAY,  Secretary-treasurer,  Perry  Payne  Bldg.,  Cleveland,  Ohio 

l.  e.  wemple  e.  t.  mccleary  h.  e.  wetherbee 

Minneapolis-St.  Paul 

W.  R.  APPLEBY,  Chairman  GEORGE  H.  WARREN,  Vice-chairman 

L.  D.  COOPER,  Secretary-treasurer,  710  Security  Bldg.,  Minneapolis,  Minn 

E.  H.  COMSTOCK 

Northern  Minnesota 

W.  G.  SWART,  Chairman 
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L.  O.  LEWIS 

K.  G.  Mackenzie 

VAN  H.  manning 
W.  E.  PRATT 
C.  L.  SEVERY 
WALTER  M.  small 


EUGENE  COSTE.  Vice-chairman 
V.  R.  GARFIAS,  Vice-chairman 
E.  DeGOLYER,  Secretary 

J.  ELMER  THOMAS 

M.  M.  VALERIUS 

A.  C.  VEATCH 

CHESTER  W.  WASHBURNE 

HERBERT  A.  WHEELER 

DAVID  WHITE 

W.  A.  WILLIAMS 

C.  T.  LUPTON 

A.  W.  McCOY 


Societies,  Boards,  etc.,  on  Which  Institute  Has  Representation 


United  Engineering  Society 

J.  VIPOND  DAWIES*  President 


WILLIAM  L.  SAUNDERS, t  1st  Vice-president 
GEORGE  H.  PEGRAM.0  2d  Vice-president 
Finance  Committee 

WILLIAM  L.  SAUNDERSt  Chairman 

GEORGE  H.  PEGRAM.^ 

GEORGE  M.  BASFORDt 

BANCROFT  GHERARDIJ 


ALFRED  D.  FLINN,«  Secretary 
JOSEPH  STRUTHERS."  Treasurer 
House  Committee 
ALFRED  D.  FLINN,*  Chairman 
FREDERICK  F.  SHARPLESS* 

E.  M.  CHANDLER* 
CALVIN  W.  RICEt 

F.  L.  HUTCHINSONt 


Until  Jan.,  1923 
J.  V.  W.  REYNDERS* 
GEORGE  M.  BASFORDt 
H.  A.  LARDNERt 
GEORGE  H.  PEGRAM0 


Trusteea 
Until  .Ian.,  1924 
EDWIN  LUDLOW* 
WORCESTER  R.  WARNERt 
H.  H.  BARNES,  JR.J 
ARTHUR  P.  DAVIS* 


Until  Jan.,  1925 
J.  VIPOND  DAVIES* 
WILLIAM  L.  SAUNDERSt 
BANCROFT  GHERARDIJ 
JOHN  R.  FREEMAN* 


United  Engineering  Societies  Library  Board 

ROBERT  A.  CUMMINGS,*  Chairman  HENRY  A.  LARDNER.t  Vice-chairman 

HARRISON  W.  GRAVER,  Secretary 
Executive  Committee 

GEORGE  C.  STONE' 


Chairman  ex-officio 
ROBERT  A.  CUMMINGS* 

Secretary  ex-officio 
HARRISON  W.  GRAVER 

ROBERT  LINTON* 
GEORGE  C.  STONE* 
ALEX,  C.  HUMPHREYS* 
JOHN  H.  JANEWAY* 
FREDERICK  F.  SHARPLESS* 
ROBERT  A.  CUMMINGS* 
FRANCIS  LEE  STUART* 
C.  J.  TILDEN* 
F.  H.  CONSTANT* 
ELBERT  M.  CHANDLER* 


Members 


HENRY  A.  LARDNERt 
W.  I.  SLICHTERt 
FRANCES  LEE  STUART* 

GEORGE  A.  STETSONt 
HENRY  A.  LARDNERt 
SYDNEY  BEVINt 
W.  W.  MACONt 
CALVIN  W.  RICEt 

E.  B.  CRAFTt 
EDWARD  D.  ADAMSt 
W.  I.  SLICHTERt 

A.  W.  KIDDLEt 

F.  L.  HUTCHINSONt 


•The  purpose  of  this  division  is  to  obtain  papers  of  high  merit  for  publication  by  the  Institute  on  the 
subjects  of  alloys,  metallography,  and  founding. 

tThe  purpose  of  this  division  is  to  obtain  papers  of  high  merit  for  publioation;by  the  Institute  on 
production,  transportation,  refining  and  utilization  of  petroleum  and  its  products. 

*A.  I.  M.  E.  tA.  S.  M.  E.  JA.  I.  E.  E.  *A.  S.  C.  E. 
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United  Engineerinq  Society,  Enteance  Hall  and  Memorials 


J.  V.  W.  REYNDERS* 
ARTHUR  P.  DAVIS* 


I.  E.  MOULTROPt 
BANCROFT  GHERARDIt 


Engineering  Foundation 


Officers,  1922 
CHARLES  F.  RAND,*  Chairman 
EDWARD  D.  ADAMS.t  1st  Vice-chairman  JOSEPH  STRUTHERS,*  Treasurer 

FRANK  B.  JEWETT.t  2d  Vice-chairman  ALFRED  D.  FLINN,<A  Secretary 

Executive  Committee 
CHARLES  F.  RAND,*  Chairman  H.  HOBART  PORTER* 

EDWARD  D.  ADAMSt  GEORGE  H.  PEGRAM* 

FRANK  B.  JEWETTf 

Board 

Four  Trustees  of  United  Engineering  Society 
EDWIN  LUDLOW*  GEORGE  M.  BASFORDt 

GEORGE  H.  PEGRAM*  BANCROFT  GHERARDIt 

Members  Nominated  by  Founder  Societies 
ARTHUR  L.  WALKER*  JOHN  H.  BARRf 

H.  M.  BOYLSTON*  DAVID  S.  JACOBUSt 

EDWARD  DEAN  ADAMS.^  FRANK  B.  JEWETTt 

SILAS  H.  WOODARD*  E.  WILBUR  RICE,  JR.J 

Members  at  Large 
ELMER  A.  SPERRY  CHARLES  F.  RAND  H.  HOBART  PORTER 

Ex-officio,  President  of  United  Engineering  Society 
J.  VIPOND  DAVIES 


American  Engineering  Council 
Federated  American  Engineering  Societies 

Officers.  1922 

MORTIMER  E.  COOLEYt  President 

L.  W.  WALLACE, It  Executive  Secretary 

W.  W.  VARNEY,»  Treasurer 

CALVERT  TOWNLEY.t  ls«  Vice-president  J.  PARKE  CHANNING,*  Vice-president 

DEXTER  S.  KIMBALLA  Vice-president  WILLIAM  E.   ROLFE,**   Vice-president 


ARTHUR  S.  DWIGHT* 
C.  H.  MacDOWELL* 
PHILIP  N.  MOORE* 
WILLIAM  McCLELLANt 
CHARLES  F.  SCOTTJ 
LEWIS  B.  STILLWELLt 
J.  H.  FINNEYt 
L.  F.  MOREHOUSEt 

EDWIN  LUDLOW* 
ALLEN  H.  ROGERS* 
J.  V.  W.  REYNDERS* 
HERBERT  HOOVER* 
A.  L.  RICEt 
FRANCIS  BLOSSOMt 
CHARLES  A.  BOOTHt 
GANO  DUNNt 
H.  H.  ESSELSTYNt 
I.  E.  MOULTROPt 


Executive  Board 

L.  P.  ALFORDt 

ARTHUR  M.  GREENE,  JR.f 

E.  S.  CARMANt 
P.  F.  WALKER* 
W.  S.  LEEt 

HARRISON  E.  HOWE« 
W.  B.  POWELL' 

Other  Representatives 

JOHN  H.  STEVENSt 

A.  E.  WALDENt 

C.  A.  ADAMSt 

A.  W.  BERRESFORDt 

F.  L.  HUTCHINSON! 
W.  A.  LAYMANt 

L.  T.  ROBINSONt 
C.  S.  RUFFNERt 
A.  P.  DAVIS'* 
JAMES  R.  WITHR0W8 
C.  N.  YOUNGi' 


PAUL  WRIGHT" 
LLOYD  B.  SMITHS 
W.  J.  FISHERi' 
O.  H.  KOCH' 
S.  H.  McCRORYu 
G.  S.  WILLIAMS^ 
M.  L.  COOKE'o 
JOSEPH  W.  ROE« 

L.  A.  CANFIELDt' 
DONALD  DERICKS0NI3 
GEORGE  A.  REED  " 
CHARLES  R.  GOW^" 
W.  H.  HOYT" 
B.  A.  PARKS* 
ALBERT  BLATZ,  JR." 
BYRON  E.  WHITE* 
A.  F.  GANIERi* 
J.  C.  RALSTON" 


*A.  I.  M.  E.  tA    S.  M.  E. 

*  Assoc.  Eng.  Soc.  of  St.  Louis. 

'  Amer.  Inst.  Chem.  Engrs. 

2  Detroit  Eng.  Soc. 

'  Eng.  Soc.  of  Buffalo. 

*  Grand  Rapids  Eng.  Soc. 

'  Kansas  Eng.  Soc. 

'  Mohawk  Valley  Engrs.  Club. 

'  Tech.  Club  of  Dallas,  Tex. 

'  Engrs.  Club  of  Columbus. 

'  Engrs.  Club  of  Baltimore. 

•»  Taylor  Soc. 

"  Alabama  Tech.  Assn. 


JA.  I.  E.  E.  M-  S.  C.  E. 

tJSoc.  Indust.  Engrs. 
•'  Eng.  Assn.  Nashville,  Tenn. 
>'  Louisiana  Eng.  Soc. 
>*  Washington  Soc.  Engrs. 
'•  York  Eng.  Soc. 
'•  Amer.  Soc.  Agricul.  Engrs. 
"  Amer.  Soc.  Safety  Engrs. 
"  Iowa  Eng.  Soc. 
'»  Vermont  Soc.  Engrs. 
2»  Boston  Soc.  Civil  Engrs. 
«  Duluth  Engrs.  Club. 
"  Engrs.  Soc.  Milwaukee. 
"Assoc.  Engrs.,  Spokane. 
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Committees 

The  Federated  American  Engineering  Societies  have  standing  committees  on 
Procedure,  Public  Affairs,  Finance,  Constitution  and  By-laws,  Publicity  and  Publi- 
cations, Membership  and  Representation,  and  special  committees  on  Registration  of 
Engineers,  Classification  and  Compensation  of  Engineers,  Regional  Activities,  Rela- 
tions with  Other  Organizations,  Affiliation  with  Engineering  Societies  Outside  the 
United  States,  Foreign  Relations,  Business  Cycle,  Employment,  Work  Periods  in 
Continuous-operation  Industries,  Elimination  of  Waste  in  Industry,  Waste  in  Agri- 
culture, Patents,  Federal  Water  Power,  Reforestation,  Grovernment  Contracts, 
New  York  State  Government  Reorganization,  Military  Affairs. 

The  names  of  chairmen,  or  the  complete  personnel  of  these  committees,  will  be 
furnished  on  request. 


American  Engineering  Standards  Committee 


ALBERT  W.  WHITNEY,**  Chairman 


GEORGE  C.  STONE.*  Vice-chairman 

GRAHAM  BRIGHT*  J.  J.  YATES* 

GEORGE  E.  THACKRAY*  FRED  E.  ROGERSt 

J.  MARTIN  SCHREIBER.^  EUGENE  C.  PECKt 

H.  H.  QUIMBY.^  STANLEY  G.  FLAGG,  JR.f 

Also  representatives  of  other  technical  societies,  Government  departments  and  industrial  associations. 

General  Correlating  Committee 
GRAHAM  BRIGHT*  H.  N.  EAVENSON* 


P.  G.  AGNEW,  Secretary 
COMFORT  A.  ADAMSt 
C.  E.  SKINNERt 
H.  M.  HOBARTt 


American  Association  for  Advancement  of  Science 


J.  PLAYFAIR  McMURRICH,  President 
BURTON  E.  LIVINGSTON.  Permanent  Secretary 
WALDEMARLINDGREN*  ALBERT  SAUVEUR* 

(Also  representatives  of  about  40  other  associations) 


J.  B.  TYRRELL* 


National  Research  Council  Engineering  Division 

ALFRED  D.  FLINN,  Chairman 

GALEN  H.  CLEVENGER,  Vice-chairman  COMFORT  A.  ADAMS.  Past  Chairman 

WILLIAM  SPRARAGEN,  Secretary 


THOMAS  ROBINS* 
ARTHUR  L.  WALKER* 
ALLEN  H.  ROGERS* 
C.  A.  ADAMSt 
BANCROFT  GHERARDIJ 
W.  R.  WHITNEYt 


T.  R.  AGG 
C.  E.  SKINNER 
GALEN  H.  CLEVENGER 
F.  G.  COTTRELL 


ALBERT  KINGSBURYt 
JOHN  H.  BARRt 

D.  S.  JACOBUSt 
H.  H.  PORTER* 
GEO.  S.  WEBSTER* 

E.  P.  HYDE' 
HENRY  M.  H0BART6 

Members  at  Large 
GANO  DUNN 
PAUL  D.  MERICA 
VAN  H.  MANNING 
CHARLES  F.  RAND 


F.  W.  DAVIS' 
HENRY  M.  CRANE' 
J.  A.  CAPPtt 

G.  K.  BURGESStt 

F.  PAUL  ANDERSON' 
W.  RAUTENSTRAUCH* 


A.  A.  STEVENSON 
AMBROSE  SWASEY 
F.  P.  GILLIGAN 
SULLIVAN  W.  JONES 


W.  L.  SAUNDERS,*  Chairman 

W.  L.  R.  EMMETt 
SPENCER  MH.LERt 
B.     G.     LAMMEt 
FRANK  J.  SPRAGUEt 
ALFRED  CRAVEN* 
ANDREW  M.  HUNT* 


Naval  Consulting  Board 

THOMAS  A.  EDISON.'  President 


THOMAS  ROBINS.'  Secretary 
LAWRENCE  ADDICKS' 
ELMER  A.  SPERRY' 
BION  J.  ARNOLD* 
L.  H.  BAEKELAND'o 
W.  R.  WHITNEYi' 
DAVID  W.  BRUNTON" 
HOWARD  E.  COFFIN' 


B.  B.  THAYER,*  Vice-chairman 

ANDREW  L.  RIKER' 
HUDSON  MAXIM" 
MATTHEW  B.  SELLERS'* 
A.  G.  WEBSTER" 
ROBERT  S.  WOODWARD" 
M.  R.  HUTCHINSON* 


XA.  I.  E.  E. 


I.  M.  E.         tA.  S.  M.  E 
ttA.  S.  T.  M. 
'  Ilium.  Eng.  Soc. 
'  Amer.  Soc.  Automat.  Engrs. 
'  Amer.  Soc.  Heat,  and  Vent.  Engrs. 
*  Amer.  Soc.  Refrig.  Engrs. 
'  Amer.  Welding  Soc. 
'  Appointed  by  Sec.  of  Navy. 


*A.  S.  C.  E.         ••  National  Safety  Council. 

'  Inventors'  Guild. 

'  Amer.  Electrochem  Soc. 

'  Amer.  Soc.  Aeronaut.  Engrs. 
•o  Amer.  Chem.  Soc. 
11  War  Com.  Tech.  Soc. 
"  Amer.  Aeronaut.  Soc. 
'3  Amer.  Math.  Soc. 
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John  Fritz  Medal  Board  of  Award  for  1922 

COMFORT  A.  ADAMS.t  President 
CHARLES  F.  RAND,*  Secretary 
HERBERT  HOOVER*  ARTHUR  N.  TALBOT.^  W.  M.  McFARLANDf 

B.  B.  THAYER*  ARTHUR  P.  DAVIS*  WILLIAM  McCLELLANJ 

CHRISTOPHER  R.  CORNING*  AMBROSE  SWASEYt  CALVERT  TOWNLEYJ 

FAYETTE  S.  CURTIS*  F.  T.  MILLERt  A.  W.  BERRESFORDJ 

GEORGE  S.  WEBSTER*  H.  B.  SARGENTt 


Joseph  A.  Holmes  Safety  Association 
Executive  Committee 
H.  FOSTER  BAIN  GEORGE  S.  RICE*  SAMUEL  GOMPERS 

DAVID  T.  DAY  CHARLES  D.  WALCOTT  JAMES  LORD 

.  Hebo  Medal  Committees 
R.  R.  SAYERS,  Chairman 
Mining  and  Quarrying  Industries  Metallurgical  and  other  Industries 

ROBERT  LINTON  G.  H.  CLEVENGER 

JAMES  LORD  JOHN  TURNEY 

J.  W.  PAUL  VAN  H.  MANNING 


Washington  Award  Commission 

F.  E.  TURNEAURE.I  Chairman 
EDGAR  S.  NETHERCUT,  Secretary 
CHARLES  H.  MacDOWELL*       CHARLES  F.  BRUSHf  E.  H.  LEE§ 

HENRY  L.  HOLLIS*  CHARLES  W.  BAKERf  J.  N.  HATCH  § 

JOHN  PRICE  JACKSONt  H.  S.  CROCKER!  E.  W.  ALLEN  § 

CHARLES  F.  SCOTTt  JOHN  F.  HAYFORD§  ALBERT  REICHMANN§ 

CHAS.  D.  MARX*  D.  W.  ROPER§  A.  S.  BALDWIN  § 

R.  C.  MARSHALL,  JR.* 


Franco-American  Engineering  Committee 

Organized  1919  to  foster  engineering  relations  between  France  and  America 

NELSON  P.  LEWIS,*  Chairman 
GEORGE  S.  SWAIN*  ARTHUR  S.  DWIGHT*  LEWIS  B.  STILL WELLt 

F.  G.  COTTRELL*  CHARLES  T.  MAINt  A.  M.  HUNTf 

GEORGE  W.  FULLERt 


American  Bureau  of  Welding 

COMFORT  A.  ADAMS,  Director 
HENRY  M.  HOBART,  Isi  Vice-director  ALFRED  S.  KINSEY,  2d  Vice-director 

WILLIAM  SPRARAGEN,  Secretary 
BRADLEY  STOUGHTON*  F.  L.  FAIRBANKSt  L.H.DAVIS* 

W.  L.  MERRILLt 
(Also  representatives  of  other  societies  or  bureaus) 

»  A.  I.  M.  E.     t  A.  S.  M.  E.     %  A.  I.  E.  E.     *  A.  S.  C.  E.      §Western  Soc.  Engrs. 


I 


PROCEEDINGS 


THE   SAN   FRANCISCO  MEETING,    1922  xxix 


The  San  Francisco  Meeting,  1922* 

The  126th  meeting  of  the  Institute,  held  in  San  Francisco,  Cal., 
Sept.  25  to  29,  1922,  was  an  unquahfied  success.  Over  230  names  were 
registered  and  all  sections  save  three  were  represented. 

In  the  technical  meetings,  under  the  leadership  of  Albert  Burch 
and  C.  W.  Merrill,  the  greatest  interest  was  manifested  in  ore-hunting 
geology  and  modern  ore-dressing  methods. 

Mr.  Burch  opened  the  Monday  mining  session  with  a  cordial  welcome 
to  the  men  of  the  profession,  and  an  expression  of  pleasure  that  the  Insti- 
tute meeting  was  being  held  in  the  city  of  San  Francisco.  He  then 
introduced  President  Arthur  S.  Dwight,  who  spoke  on  the  general 
policies  of  the  Institute.  Secretary  Sharpless,  w^ho  followed,  spoke 
of  the  cordial  reception  that  had  been  accorded  the  Eastern  party  and 
the  spirit  of  good  fellowship  that  lives  in  and  long  survives  these  occasions. 

Mining  Geology  Session 

The  paper  presenting  the  economic  geology  of  the  United  Comstock 
mines,  by  Wilbur  H.  Grant, f  was  read  at  the  Monday  morning  mining 
session.  The  next  paper  was  a  description  of  the  Aztec  mine,  Baldy, 
N.  M.,  prepared  by  Charles  A.  Chase  and  Douglas  Muir.  Three  other 
papers  of  geologic  interest  were  read  by  title  only:  "The  British  Columbia 
Batholith  and  Related  Ore  Deposits,"  and  "Deposition  of  Copper 
Carbonate  from  Mine  Water,"  both  by  Philip  D.  Wilson  of  Warren,  Ariz., 
and  "The  Ore  Deposits  of  Sierra  Mojada,  Coah.,  Mexico,"  by  S.  F. 
Shaw,  Esmeralda,  Mexico. 

The  first  paper  presented  at  the  session  on  Monday  afternoon  was 
by  John  R.  Reigart  on  the  underground  system  of  handling  ore  and 
method  of  stoping  of  the  United  Comstock  Mines  Co.  Other  papers  were 
"Metal-mine  Ventilation  in  the  Southwest,"  by  Charles  A.  Mitke,  "Shot- 
firing  by  Electricity,"  by  N.  S.  Greensfelder.  "Mining  Methods  in  the 
Mineville  (N.  Y.)  District,"  by  Earl  C.  Henry. 

The  last  two  papers  in  this  session  were  read  by  title:  "Sampling 
and  Estimating  Orebodies  in  the  Warren  District,"  by  R.  N.  Dickson,  J 

*  Detailed  descriptions  of  the  journey  of  the  Institute  party  from  New  York  to 
San  Francisco  and  return  and  of  the  week  in  San  Francisco  were  published  in  Min- 
iyig  and  Metallurgy  (Oct.  and  Nov.,  1922). 

t  Published  in  Mining  and  Metallurgy  (November,  1922)  39,  41,  44,  47. 

t  Distributed  in  mimeographed  form  only. 
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and  "Methods  of  Sampling  and  Estimating  Ore  in  Underground  and 
Steam-shovel  Mines  of  the  Copper  Queen  Branch  of  the  Phelps  Dodge 
Corporation,"  by  R.  W.  Prouty  and  R.  T.  Green,* 

Milling  Session 

The  milling  session  was  opened  at  2  p.m.  Monday,  by  Chairman 
C.  W.  Merrill.  The  first  two  papers  on  milling  methods  and  metallurgy 
of  the  United  Comstock  Mines  Co.,  by  Walter  L.  Reid  and  A.  J.  Weinig,* 
were  read  by  Mr.  Merrill. 

The  paper  by  Ernest  A.  Hersam,  "Factors  Controlhng  the  Capacity 
Rock  Crushers,"  was  read  by  title.  "Basic  Principles  of  Gravity  Con- 
centration— A  Mathematical  Study,"  by  Theodore  Simons,  was  read 
by  the  author,  and  "Surface  Tension  and  Adsorption  Phenomena  in 
Flotation"  by  A.  F.  Taggart  and  A.  M.  Gaudin,  was  read  by  title. 

The  paper  by  John  Gross  and  J.  Walter  Scott,  "The  Mechanism 
of  Gold  and  Silver  Precipitation  on  Charcoal  from  Cyanide  Solution," 
was  read  by  Mr.  Gross. 

Iron  and  Steel,  Petroleum,  and  Informal  Discussion 

The  iron  and  steel  session  was  scheduled  to  meet  on  ]\Ionday  morning, 
but  because  of  the  special  interest  of  most  of  the  engineers  in  the  mining 
meeting,  there  were  not  enough  present  at  the  iron  and  steel  session 
to  hold  a  meeting.  The  papers  on  the  program  for  this  session  were: 
"Neumann  Bands  as  Evidence  of  Action  of  Explosives  upon  Metals," 
by  F.  B.  Foley  and  S.  P.  Howell;  "Effect  of  Nickel-chromium  on  Cast 
Iron,"  by  Richard  Moldenke;  "Conditions  of  Stable  Equilibrium  in 
Iron-carbon  Alloys,"  by  H.  A.  Schwartz,  H.  R.  Payne,  A.  F.  Gorton 
and  M.  M.  Austin. 

Two  papers  on  petroleum  were  presented,  one  by  Roy  W.  Kelley 
on  "Industrial  Relation  of  the  California  Oil  Industries  Syndicate,"! 
and  one  on  "Colombian  Oil  Fields,"  by  L.  G.  Huntley  and  Shirley  Mason. 

Tuesday  evening  was  devoted  to  discussions  on  prospecting  and  ore- 
hunting  geology,  referring  largely  to  Prof.  Augustus  Locke's  paper 
which  was  presented  on  Monday  afternoon  although  it  was  not  on  the 
list  of  papers  scheduled  on  the  program. 

Special  Entertainments 

President  Dwight  and  Secretary  Sharpless,  with  other  engineers, 
started  on  Tuesday  morning  to  visit  the  development  work  on  the 
Hatch  Hetchy  project  and  spent  three  days  as  guests  of  the  city  of  San 

*  Published  in  Mining  and  Metallurgy  (Nov.,  1922)  51. 
t  Not  published  by  the  Institute. 
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Francisco,  inspecting  the  operations  in  the  Hetch  Hetchy  valley.  While 
the  President  and  Secretary  were  in  the  mountains,  those  who  remained 
in  the  city  were  well  entertained. 

On  Tuesday  morning,  the  26th,  there  was  a  tour  through  Chinatown 
for  both  the  men  and  the  women  of  the  party,  followed  by  a  luncheon 
given  by  Mrs.  Sidney  Cloeman  at  the  Burhngame  Country  Club.  After 
the  luncheon  the  party  was  driven  through  the  Crocker  and  Grant  estates. 

On  Wednesday  the  party  was  taken  by  automobile  to  the  University 
of  California.  Small  groups,  each  headed  by  a  student,  were  taken 
through  the  Greek  theater,  many  of  the  University  buildings,  and  up 
to  the  Campanile,  from  which  a  splendid  view  of  the  surrounding  country 
was  obtained.  Luncheon  was  served  at  the  Faculty  Club,  after  which 
the  Skyline  drive  was  taken,  through  Oakland  and  back  to  the  university. 
Later  tea  was  served  at  the  home  of  T.  A.  Rickard.  Mrs.  Rickard 
and  Professor  Weeks  of  the  university  entertained  the  guests  with 
music  and  recitals. 

On  Thursday,  Leland  Stanford  Jr.  University  was  visited.  A  com- 
mittee, of  which  Prof.  Theodore  Hoover  was  chairman,  conducted  the 
party  around  the  campus  and  through  the  various  buildings.  In  the 
afternoon  the  women  were  shown  the  Art  Gallery  and  Museum  while 
the  men  were  taken  through  the  engineering  buildings.  A  special 
organ  recital  was  given  for  the  visitors  before  they  returned  to  the  city. 

On  Friday  the  party  was  entertained  at  luncheon  by  Mrs.  Requa 
and  Mrs.  Burch  at  the  home  of  Mr.  and  Mrs.  M.  L.  Requa.  Madam 
Requa,  now  in  her  95th  year,  also  acted  as  hostess  and  was  constantly 
the  center  of  interest  with  her  brilliant  conversation.  The  Woman's 
Auxiliary  formed  the  subject  of  discussion  after  luncheon,  both  Mrs. 
Dwight  and  Mrs.  Burch  speaking  of  its  activities.  Mrs.  Rickard  and 
Mrs.  Hutton  entertained  with  music  until  it  was  time  for  the  distant 
members  to  say  farewell  to  their  San  Francisco  hosts. 

Theoretically,  the  California  meeting  was  a  pay-as-you-go,  Dutch- 
treat  meeting.  On  a  few  occasions,  the  members  did  pay  for  luncheon 
or  a  street-car  fare,  but  the  hospitality  of  the  San  Francisco  members 
seemed  always  to  have  had  the  better  of  them.  More  was  done  for  the 
visiting  members  than  they  could  possibly  have  expected,  and  the  126th 
meeting  will  long  be  remembered  as  an  event  in  Institute  history. 
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Mining  Methods  and  Installations  of  Anaconda  Copper 
Mining  Co.  at  Butte,  Mont. 

By  Wm.  B.  Daly*  and  C.  L.  Berrien, f  Butte,  Mont. 

The  problems  encountered  in  properly  operating  the  twenty-eight 
mines  of  this  company  have  called  for  various  improvements  in  methods 
and  installations.  In  order  that  those  not  familiar  with  local  conditions 
in  Butte  may  have  a  better  understanding  of  them,  and  to  show  that 
mining  practises  must  vary  as  conditions  vary,  a  short  account  of  these 
methods  is  given. 

Most  of  the  present  operating  shafts  of  this  company  were  located 
between  fifteen  and  thirty-five  years  ago,  and  have  attained  different 
depths  and  extent  of  lateral  development.  During  most  of  the  time,  the 
mines  now  operated  by  the  Anaconda  company  were  operated  by  at 
least  nine  companies. 

The  larger  mines  occupy  the  central  part  of  the  camp,  or  an  area  l}^ 
miles  square,  where  the  complicated  vein  and  fault  structures  increase  the 
mining  difficulties  in  many  ways. 

These  mines  are  connected  on  almost  every  level  either  by  stopes  or 
drifts.  The  underground  waters  of  all  are  taken  from  the  mines  through 
two  main  pumping  plants  and  shafts.  The  2800-ft.  is  the  first  level 
common  to  all  mines  in  elevation.  Each  mine  maintains  its  own  air 
lines,  electric-power  lines,  water  supply  and  ventilation.  The  average 
depth  of  stoping  is  about  2000  ft.,  but  many  of  the  mines  are  working  on 
ore  up  to  the  200-ft.  level,  which  was  left  in  former  years  because  it  was 
too  low  grade,  or  because  it  was  not  discovered  until  the  more  extensive 
lateral  development  after  the  consolidation  under  Anaconda  ownership. 
As  a  result  many  of  the  stopes  in  late  years  have  been  in,  or  near  by,  old 
workings  and  it  has  been  necessary  to  keep  open  more  levels  than  would  be 
required  in  a  new  mine.  This  condition  requires  additional  ventilation 
facilities  and  special  operations;  we  are  working  to  the  end  that  as  few 
levels  as  needed  will  be  open  for  development  and  stoping  to  assure  normal 
production  at  each  mine. 

*  Assistant  Manager  of  Mines. 
f  General  Superintendent  of  Mines. 
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Increased  heat  with  depth,  additional  requirements  for  electric  power, 
safety  considerations,  better  working  conditions  and  greater  efficiency 
have  brought  about  many  improvements  in  late  years.  Thia  company 
has  always  operated  its  mines  according  to  the  best  practice,  but  since 
1914  its  officials  have  endeavored  to  meet  the  demands  of  changing 
conditions. 

The  principal  improvements  in  mining  methods  and  installations 
since  1914  are  described  under  the  following  headings: 

Bureau  of  safety  Electric  signal  installations 
Ventilation  Electric  haulage  systems 
Mine  fires  and  hydraulic  filling  Hoisting  ropes  and  safety  in  hoisting 
Underground  fire  prevention  Stope  cost  records  and  mine  con- 
Power    distributing    system    for  tracts 

deep  metal  mines.  Organization  of  mine  sampling 
Hauling  ore  in  mines  of  Butte,  Mont. 

Bureau  of  Safety. — Since  the  beginning,  in  January,  1914,  the  Bureau 
has  been  under  the  direction  of  C.  W.  Goodale,  assisted  by  John  L. 
Boardman.  The  returns,  measured  in  welfare  to  the  employees  and 
benefits  to  mine  operations  in  general,  have  been  inestimable.  During 
these  seven  years,  it  has  been  an  ever-increasing  asset  well  worth  the 
individual  effort  given  it  and  the  financial  outlay  made  in  conducting  it. 
The  maintenance  of  such  a  department  is  recommended  to  all  companies, 
large  and  small,  and,  although  this  work  is  slow  to  install  in  the  daily 
working  of  a  mine,  the  regulations  of  this  Bureau  are  now  carried  out  to 
the  letter  by  everyone  concerned.  The  records,  reports,  and  general 
conferences  of  bosses  not  only  serve  their  purpose  in  regard  to  safety,  but 
keep  the  whole  organization  in  closer  touch  with  the  operations. 

Ventilation. — The  later  developments  in  ventilation  conditions  in 
the  Anaconda  company  mines  extend  over  eleven  years.  Up  to  1910, 
the  mines  depended  on  natural  ventilation,  assisted  by  compressed  air 
from  pipe  lines  of  the  drilling  air  systems.  During  that  period,  most  of 
the  operating  shafts  were  upcast,  the  downcast  air  entering  the  mine 
through  raises  or  some  adjoining  mine. 

Since  that  time  the  following  fans  have  been  purchased  for  installation 
and  replacement: 

22 

5 


1910 

2 

1914 

1  1917. 

1911 

7 

1915 

5  1918. 

1912 

3 

1916 

5  1919 

1913 

8 

25 


From  1910  to  1916,  inclusive,  31  fans  of  Buffalo  Forge,  No.  11,13 
and  15  single-inlet  Sirocco  type  were  installed  and,  wilh  a  few  exceptions, 
all  operating  shafts  were  turned  downcast.     With  these  fans,  approxi- 
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iiuiLely  1,500,000  cii.  ft.  of  :iii-,  or  300  cii.  ft.  per  inan,  were  being  exhau.sled 
from  the  mines.  Although  plans  were  made  in  1914  to  increase  the 
ventilation  by  enlarging  air  shafts  and  replacing  the  single-inlet  Siroccos 
with  double-inlet  reversible  Siroccos,  it  was  not  until  early  in  1917  that 
this  replacement  program  was  begun.  This  delay  was  caused  by  the 
inability  of  plants  to  furnish  fans  and  motors,  and  the  extensive  work 
of  enlarging  and  lining  shafts  and  drifts  to  carry  the  air.  The  installa- 
tions or  replacements  made  during  the  period  1917  to  1921  were  as 
follows:  22  in  1917,  5  in  1918,  and  25  in  1919  to  1921.  The  result  has 
been  to  increase  the  amount  of  air  being  exhausted  from  all  mines  to 
over  3,000,000  cu.  ft.  per  min.  in  1921.  The  single-inlet  fans  so  replaced 
have  been  transferred  underground  to  serve  as  booster  fans. 

A.  S.  Richardson  began  his  work  with  the  Safety  First  Department  in 
July,  1915,  and  during  1916  and  1917  made  extensive  reports  on  ventila- 
tion conditions  and  smooth  surfacing,  when  it  was  decided  to  install  the 
double-inlet  Sirocco  fans.  In  February,  1918,  his  work  was  confined  to 
ventilation  only,  as  ventilation  engineer,  and  much  credit  is  given  him 
for  the  present  satisfactory  condition  of  the  mines.  The  Anaconda 
company  has  given  all  the  attention  possible  to  the  ventilation  of  its 
mines,  realizing  that  this  factor  is  of  the  greatest  importance  to  successful 
operation. 

Mine  Fires  and  Hydraulic  Filling. — During  the  past  thirty  years,  mine 
fires  in  Butte  have  required  more  or  less  continuous  attention.  Previous 
to  1907,  fire  fighting,  without  self-contained  breathing  apparatus,  was 
a  particularly  hazardous  occupation,  but  since  that  time  the  develop- 
ment of  the  oxygen  helmet  to  the  present-day  type  has  eliminated  most  of 
the  danger,  so  that  during  the  past  ten  years,  fires  have  either  been 
extinguished  or  controlled  in  a  short  time,  without  greatly  affecting  ore 
production.  Furthermore,  although  this  work  has  entailed  considerable 
expense,  the  recovery  of  additional  copper  from  the  mine-water  precipi- 
tating plants  has  returned  a  large  part  of  the  expenditure. 

The  fire  and  gas  territory  from  1906  to  1917  was  between  the  600-ft. 
and  1200-ft.  levels  and  of  considerable  lateral  extent,  including  parts  of 
the  Leonard,  Tramway,  West  Colusa,  and  Minnie  Healy  mine  workings, 
the  stopes  of  which  were  connected.  In  the  meantime,  stoping  was 
continued  on  all  sides  from  the  1300-ft.  level  down  to  the  2000-ft.  In 
February,  1917,  the  fire  broke  through  the  pillar  of  ground  below  the 
1200-ft.  level  and,  in  a  short  time,  it  was  necessary  to  bulkhead  all 
levels  to  the  2000-ft.  Realizing  that  unless  some  different  fire-fighting 
method  was  adopted  a  pillar  of  several  hundred  feet  would  be  required 
under  the  2000-ft.  level  for  protection  below,  it  was  decided  to  reclaim 
all  of  the  fire  territory  by  tailing  filling. 

The  direct  supervision  of  this  work  was  given  to  C.'E.  Nighman  and 
H.  J.  Rahilly,  at  different  periods,  in  cooperation  with  George  Moulthrop 
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and  John  Bartlett  at  the  Tramway  mine,  Karl  Krueger  at  the  West 
Colusa  mine,  and  George  Bennett  at  the  Leonard  mine.  E.  M.  Norris 
has  been  assistant  general  superintendent  at  these  mines  most  of  this 
time.  To  all  of  these  men,  and  to  those  under  them,  much  praise  is  due 
for  the  results  so  far  attained  in  conducting  this  operation.  At  this  time, 
there  is  no  doubt  but  that  all  of  the  territory  affected  will  be  reclaimed. 
Two-thirds  of  the  filling  is  now  completed  and  the  operating  officials  of 
the  company  are  satisfied  that  it  will  be  entirely  successful  in  solving 
the  problem. 

Underground  Fire  Prevention. — The  necessity  of  carrying  out  the 
fire-prevention  program  is  one  of  great  importance.  Protection  by 
fireproofing  with  gunite  has  solved  the  question  to  a  great  extent.  An 
added  risk,  although  a  necessary  one,  is  the  great  volume  of  air  required 
for  ventilation.  In  case  of  fire,  the  smoke  and  gases  are  quickly  drawn 
through  the  mine,  and  the  only  safeguards  are  fireproof ed  shafts,  surface 
buildings,  tunnels  and  electric  installations.  With  fireproof  downcast 
shafts  and  main  stations  in  conjunction  with  reversible  surface  fans, 
much  of  the  danger  is  eliminated. 

Power  Distributing  System  for  Deep  Metal  Mines,  Electric  Signal 
Installations,  and  Electric  Haulage  Systems. — Under  the  supervision 
of  C.  D.  Woodward,  as  electrical  engineer,  the  Anaconda  company 
has  been  standardizing  all  of  its  electrical  equipment  on  the  surface,  in 
the  shafts,  and  in  the  mine  proper.  The  improvements  and  new  installa- 
tions since  March,  1918,  when  Mr.  Woodward  assumed  charge,  are 
described  in  three  papers.  The  unusual  conditions  to  which  electric 
equipment  in  mines  is  subject  demand  the  most  careful  consideration  in 
its  proper  installation  and  inspection.  We  believe  that  no  change  is 
necessary  in  the  standard  established  here. 

Hoisting  Ropes  and  Safety  in  Hoisting. — Safety  in  hoisting  is  con- 
trolled by  the  careful  inspection  of  equipment  and  the  work  of  competent 
hoisting  engineers.  This  company  normally  operates  61  hoisting  engines, 
and,  considering  that  serious  accidents  have  been  few  over  a  number  of 
years,  the  practices  employed  here  must  be  of  the  best.  W.  N.  Tanner, 
chief  mechanical  engineer,  and  F.  C.  Jaccard,  mechanical  superintendent, 
of  the  company,  have  covered  this  subject  thoroughly  in  their  paper. 

Slope  Cost  Records  and  Mine  Contracts. — One  of  the  most  important 
factors  of  efficiency  in  producing  ore  is  the  recording  of  results  in  such 
manner  that  those  in  charge  of  the  work  may  have  the  proper  information 
in  a  concise  form.  Other  factors,  and  probably  the  most  important,  are 
fair  deahng  with  the  men  and  the  devising  of  some  method  of  working 
by  which  individual  effort  can  be  rewarded. 

The  contract  system  described  in  this  paper  has  been  satisfactory  for 
three  years  and  is  used  only  in  work  where  the  conditions  are  fixed,  and 
not  variable.     During  that  period,  there  have  been  given  over  69,000 
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contracts,  which  represents  millions  of  tons  of  ore  in  production.  The 
success  of  this  method  is  due  to  the  hearty  support  of  those  in  charge  of 
the  operations  and  to  the  general  satisfaction  among  the  men. 

Organization  of  Mine  Sampling. — In  no  other  mining  district  is  the 
correlating  of  mining,  geology,  and  sampHng  more  necessary  than  in  the 
Butte  district,  where  all  the  variations  of  banded  structure  in  the  old 
east  and  west  veins,  the  numerous  fault  veins,  and  the  finely  mineralized 
areas  of  granite  present  the  problem  of  what  is  waste  and  what  is  ore. 
While  in  most  of  the  veins  values  may  be  determined  by  observation 
alone,  each  mine  has  development  drifts  and  stopes  where  accurate 
sampling  alone  can  prove  the  presence  of  ore.  By  the  system  described 
by  Messrs.  Daly  and  Linforth  each  branch  of  the  operating  department 
is  provided  with  daily,  weekly,  and  annual  records,  to  assist  in  properly 
conducting  operations  and  recording  the  necessary  information. 

Handling  Ore  in  Mines  of  Butte  District. — The  methods  of  handling 
ore  in  mine  stopes,  the  system  of  underground  haulage,  and  the  size  of 
drifts  and  equipment  are  governed  by  local  conditions,  such  as  the  size  of 
orebodies,  percentage  of  waste  broken  with  ore,  the  location  of  workings — 
whether  in  newly  opened  territory  or  in  an  old  section  of  the  mine — and 
especially  on  the  character  of  the  general  structure  of  the  rock  mass. 
The  latter  factor  governs  the  size  of  drifts,  laterals  and  shafts  and,  neces- 
sarily, the  equipment  that  can  operate  in  openings  of  the  size  used. 
One  condition  that  limits  the  stoping  methods  to  those  used  is  that  the 
contour  of  the  surface  must  be  held  intact  because  of  the  network  of 
railroads,  surface  buildings,  and  roads  that  serve  the  many  mines  of  the 
district. 

Mr.  Tunnell's  paper  describes  the  general  practice.  Whatever 
variations  there  may  be  in  the  different  properties  are  being  eliminated 
as  the  work  of  standardization  advances. 
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Bureau  of  Safety  of  Anaconda  Copper  Mining  Co. 

By  C.  W.  Goodale*  and  John  L.  BoARDMAN,t  Butte,  Mont. 

(New  York  Meeting,  February,  1922) 

The  motives  behind  the  organization  of  the  Bureau  of  Safety  were 
twofold.  First,  there  was  the  policy  of  the  company  toward  its  employees, 
which  was  one  of  fairness  and  consideration  for  their  welfare  and  which 
entails  the  prevention  of  injuries;  second,  in  order  to  prevent  injuries,  a 
study  of  their  causes  was  essential,  and  this  study  could  be  made  only  by 
a  thorough  systematic  classification  of  accidents,  which  required  a 
special  department  to  form  and  carry  out  the  plans. 

The  Bureau  of  Safety  was  organized  to  begin  operation  Jan.  1,  1914, 
but  practically  all  of  the  first  year  was  spent  in  collecting  data,  making 
plans,  etc.  This  department  is  semi-independent  of  others  and  reports 
directly  to  the  president  and  general  manager.  It  consists  of  the  presi- 
dent of  the  company  and  the  managers  of  the  following  departments: 
Mines,  Washoe  Reduction  Works,  Great  Falls  Reduction  Works,  Coal 
department,  lumber  department,  B.  A.  &  P.  railway;  and  the  chairman 
of  the  Bureau  of  Safety. 

Working  under  this  group  is  the  General  Safety  Committee  consisting 
of  the  manager  of  mines,  as  chairman,  the  general  superintendent,  two 
assistant  general  superintendents,  and  the  heads  of  the  following  depart- 
ments: mechanical,  geological,  purchasing,  sampling  works,  and  fram- 
ing plant;  and  also  the  safety  engineer. 

Operating  under  the  General  Safety  Committee  are  the  group  safety 
committees,  consisting  of  the  Anaconda  group  of  mines,  Boston  &  Mon- 
tana group  of  mines,  zinc  group  of  mines,  Washoe  reduction  works  at 
Anaconda,  B.  &  M.  reduction  works  at  Great  Falls,  coal  department, 
lumber  department  and  the  B.  A.  &  P.  railway.  Each  of  these  group 
safety  committees  was  in  charge  of  the  superintendent  or  manager  of  the 
group  represented  and  the  committee  consisted  of  the  foremen  of  the 
mines  or  works  that  the  committee  served,  as  well  as  the  safety  engineer. 

These  foremen  and  superintendents  had  met  regularly  for  the  purpose 


*  Chairman,  Bureau  of  Safety,  Anaconda  Copper  Mining  Co. 
"*"  Safety  Engineer,  Anaconda  Copper  Mining  Co. 
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of  discussing  costs,  efficiency,  and  methods;  therefore  it  was  only  neces- 
sary to  add  at  these  regular  meetings  the  discussion  of  safety  matters. 

Collection  of  Accident  Data 

On  the  completion  of  the  work  of  organization  of  the  new  bureau,  an 
inquiry  as  to  the  causes  of  accidents  was  made.  In  former  times,  the 
matter  of  reporting  injuries  had  been  somewhat  neglected  and  it  is 
thought  that  many  cases  of  accidental  injury  occurred  that  were  unknown 
to  the  company  officials,  unless  the  injured  filed  a  claim  for  personal 
injury  damages. 

Statistical  Base 

It  is  apparent  that  accident-frequency  statistics  based  on  the  number 
of  men  employed  or  on  the  number  of  tons  of  ore  or  pounds  of  copper 
produced  would  be  inaccurate.  It  was  thought  that  a  base  should 
be  adopted  that  would  show  the  number  of  accidents  as  compared 
to  the  actual  hazard  of  the  work.  Thus,  if  a  man  works  an  hour  he  is 
subjected  to  a  one-hour  accident  hazard  and  if  he  works  a  full  shift  he 
has  a  shift  accident  hazard,  regardless  of  the  number  of  workmen  on  the 
payroll,  or  whether  he  produces  more  or  less  than  the  rest. 

It  was  decided,  therefore,  to  adopt  the  shift  as  a  basis  upon  which  to 
compute  accident  rates  and  ten  thousand  shifts  was  made  the  unit, 
partly  because  it  is  an  easy  figure  to  work  with  in  the  decimal  system  and 
partly  because  it  is  probably  near  the  maximum  number  of  shifts  that  a 
man  might  work  underground  in  a  lifetime.  An  accident  rate  thus 
based  shows  the  chances  a  man  has  of  being  injured  in  a  lifetime  of  work. 

Classification  of  Accidents 

In  studying  the  causes  of  accidents,  it  was  found  necessary  to  require 
that  every  injury,  regardless  of  how  slight  a  nature,  should  be  fully 
reported  and  these  reports  assembled  and  the  accidents  charged 
against  the  cause  to  which  they  belonged.  This  also  enabled  the  com- 
pilation of  frequency  and  severity  statistics.  It  was  evident  that  a  large 
percentage  of  accidents  would  be  due  to  falling  ground  and  rocks;  accord- 
ingly Form  No.  4  (Fig.  1)  was  designed,  in  which  the  accident  causes 
were  divided  into  two  general  heads,  Falling  Ground  and  Other  Causes. 
The  first  head  is  subdivided  into  Drilling,  Barring  Down,  Rock  Falling 
Down  Pile  or  Slides,  Slabs  or  Rock  from  Back  or  Sides,  Rocks  Falling 
Through  Floors,  Rocks  Falling  in  Manways,  and  Rocks  Falling  in 
Shaft.  The  heading  Other  Causes  is  divided  into  sixteen  subclasses 
with  one  blank  column  for  the  insertion  of  any  new  cause  that  may  need 
attention.  These  subclasses  are  as  follows :  Men  Falling  Through  Floors ; 
Men  Falling  in  Chutes;  Men  Falling  in  Manways;  Loading  from  Chute, 
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or  Skip  Pockets;  Blasting;  Falling  Timber,  Tools,  or  Material;  Nails  and 
Spikes;  Ore  Cars  and  Trains;  Handling  Timber,  Tools,  Pipe,  Rails,  etc.; 
Dmnping  Cars;  Injured  on  Cages;  Working  in  Shaft;  Flying  Rock  while 
Breaking;  Handling  Rock;  SHpping;  Miscellaneous.  The  sheet  also 
contains  columns  for  totals  and  for  days  lost  due  to  injury. 

When  the  injury  is  classified  from  the  accident  report,  an  index  figure 
is  used  to  indicate  the  days  lost  and  for  surface  accidents.  Thus,  if  an 
accident  occurs  on  surface  and  the  injured  man  lost  no  time  it  would  be 
recorded  with  the  figure  one,  with  a  small  cipher  above,  and  Sur  written 
after  (°1  Sur);  or  if  serious,  (^f  Serious).  At  the  bottom  of  this  sheet 
we  have  space  for  charging  the  accidents  against  the  foremen,  assistant 
foremen,  and  bosses. 

At  the  close  of  the  month  the  record  is  totaled  and  transferred  to  Form 
A  (Fig.  2),  which  contains  columns  for  the  same  classification  as  well  as 
Surface;  Falling  Ground;  Other  Causes;  Daj^s  Lost;  Lost  no  Time; 
Shifts  Worked;  Fatal;  Serious;  Slight;  Total;  and  Serious  Accidents  per 
10,000  Shifts.  There  are  also  forms  for  reporting  accident,  Fig.  3;  for 
hospital  identification,  Fig.  4;  return  to  work  records.  Fig.  5;  and 
ambulance  drivers'  report,  Fig.  6. 

Care  of  Injured 

Injured  employees  are  taken  care  of  under  the  hospital  contract 
system,  i.e.,  the  company  has  a  contract  with  two  of  the  local  hospitals 
whereby,  in  consideration  of  one  dollar  per  month  deducted  from  each 
employee  by  the  company  and  paid  by  it  to  the  hospitals,  the  latter  agree 
to  treat  all  sickness  and  injury  to  the  employee  during  his  period  of 
employment,  except  venereal  cases.  The  company  furnishes  transporta- 
tion to  the  hospital,  and  maintains  two  automobile  ambulances  with 
drivers  in  constant  attendance. 

First  Aid 

It  soon  became  apparent  that  much  suffering  and  a  prolongation  of 
disability  due  to  injuries  was  caused  by  the  lack  of  immediate  attention; 
for,  in  each  case,  regardless  of  the  facilities  for  getting  a  man  to  the  hos- 
pital some  time  must  necessarily  elapse  and  in  many  cases  the  injured  man 
must  be  handled  considerably.  The  danger  lies  chiefly  in  the  failure  to 
check  excessive  bleeding,  treat  shock,  immobilize  fractured  bones,  and 
guard  against  infection. 

As  it  is  impracticable  to  maintain  a  nurse,  or  an  emergency  hospital, 
at  many  of  the  mines  the  scheme  of  general  first-aid  training  was  adopted. 
In  1914  and  1915,  the  Bureau  of  Mines  began  the  work  of  training  first- 
aid  men  and,  in  1916,  the  company  added  a  mine-rescue  and  first-aid 
department  to  its  Bureau  of  Safety.     The  Bureau  of  Mines  and  company 
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Report  of  Personal  Injuries  to  EmpIoyeB  or  Other  Persous    Butte  Mines 


1«     >'aine.  Residence.  Slrtet  j.i,d 
>'utijl;ernDd  Occuy>atioD  of  in- 

jured pt-Tson,  and  state  wLfther 

Also  give  CaM^umber. 

2.     How  lonir  ecpaced  in  the  ca- 
pacitv  IB  which  be  t^as  Ectioe 
when  injured,  and  hoi'  lODg  in 
tmcloT  of  compaDy. 

3,.    Date  and  hour  of  accident . 

4,    Was  it  clear  or  etorrnj,  day- 

li^tt,dark  or  moonlight?. 

6,    Place  of  accident,  if  under- 
giOUnd,  L'lve  level,  floor  iLUd 
number  of  Dlace, 

6.     Barnes  of  Foreman  ,Sbift  EoSE 

and  Suj^riaitDdeiit  ia  ghaiee. 

Foreman 

Shift  Uoss 

Superintendent 

7,     If  r*rtT  injured  was  worLinf 
underground,  give  can-e  of  his 
partner,  and  names  of  men 

wgrkios  on  ori>o3ite  shift. 

S.    Cause  of  acuidenu   If  it  was 
Ute  fault  of  toolB*  oaaghiner;  or 
material  furnished,  aaj  50.  If 
fauit  ofonj  emjlo^'e,  &aj  wooa 
and  nhj. 

. ^:^^:^^ 1 

J ■ s ^ . 

■ 

Ok    Description  of  injuricB 

10.     Name  aui  address  of  surgeon 
called  and  what  was  done  with 
injured  person. 

11,    What  dots  injured  i^erson  saj 

who,  if  anyone,  does  be  blame 

for  it' 

12,  State  fully  any  further  informs- 

tion  you  can, 

(  Enter  Xames  on  Other  Side  of  This  Blank  of  Pereans  Who  WitneaseJ  Accident  ■' 


Fig.  3. — Accident  eeport  blank. 
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13  NAME.  OCCUPATloy  AND  ADDKESS  OF  EVEKT  PERSON  WHO  ttlTXEiSSEDACCIDEM.  OB  CAN  GIVE  ANY  I.TFOHMATIOX  BECJARDlhG  IT. 


.NAME 

OCCt  PATIOX 

RESIDENCE  (owe  SJreet  :nd  'NunAer) 

o 


s:: 


a.  £ 
O   Oi 


U 


y  « 


^    5; 


(SICNUERE) 

(occrPATios)— 

(ADEKESSX 


q      OS 


Fig.  3a. — Back  of  accident  report  blank. 


instructors  have  trained  more  than  2000  men  to  give  first-aid  treatment 
to  the  injured.  The  first-aid  department  has  estabhshed  a  standard 
equipment  of  first-aid  materials  at  the  mines  so  that  it  is  seldom  that  an 
employee  receives  even  the  most  trivial  injury  without  receiving  immedi- 
ately first-aid  treatment.  Hospital  records  have  shown  that,  in  certain 
periods  when  such  records  have  been  kept,  the  number  of  cases  of  infec- 
tion of  wounds  were  reduced  more  than  50  per  cent,  because  of  first 
aid;  and  individual  cases  are  numerous  where  life  has  undoubtedly  been 
saved  by  the  prompt  checking  of  severe  hemorrhage  and  by  the  use  of 
artificial  respiration. 

The  first-aid  work  has  also  served  the  purpose,  to  a  great  extent,  of 
popularizing  the  safety  work.  In  May,  1915,  a  first-aid  contest  was  held 
in  which  sixteen  teams  of  six  men  each  took  part.  During  the  summer, 
a  series  of  contests  was  held  and  the  winning  team  was  given  a  trip  to 
San  Francisco,  Calif.,  to  take  part  in  the  national  contest  in  conjunction 
with  the  Panama-Pacific  Exposition.     The  following  year,  other  contests 
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HOSPITAL  CERTIFICATE    A  No.     8946 
ST  JAMES'  HOSPITAL 

8CIIE,  MO.NTANA  Date 19 


attacbed  ceniflMte  vhicb  entitles  him  to  tieatmeot  at  StJames'  Hospital. 
Nature  of.lllness 


.Jiaa.ljeeQ  furniched 


Xature  andlDe_tail£jiOjijjjry- 
LewJ Slope 


EiplanaliojL. 


Names  of  PactneU- 


Jfamefl  of  WllDesseS- 


_Dept.Jloreiiiaii_ 


_Tiinekeeper 


.Attachment  to  Certificate    A  No.        8946 
St  James'  Hospital 

NOTICE  ■  Treatment  will  be  gireu  for  all  sickness  and  injuries  occurring  at  the 
.mines  irh'ile  in  tbe  employ  of  this  Oompanj,  not  arising  from  unmoral  habits  or 
contagious  diseases. 

Ns  PrescriplJoD  Filled  at  tbe  Hoepital  Unless 
Fneerlbed  bj  a  Doctor  of  the  Staff 


Butte,  Jlontana 


Nature  orillness. 
Kature  of  Injury^ 


DOCTORS'  HOURS  IN  HOSPITAL 
1  to  2  P.M. 
6  to  7  P.M. 


limikeeper 
THOSE  NEEDI.VG  IMMEDIATE 
ATTENTION  CALL  AT  A.NT  TIME 


SuhscrlberB  wishing  attention  at  their  homes,  notify  the  Hospital 
and  a  doctor  will  be  sent  immediately 


Fig.  4. — Hospital  identification  blank. 
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Nixme^ 


Injured. 


Resumed  Work- 


-191    ,at- 


.191    ,-at. 


Occupation  Whcn-Iujured- 
Hesumed  Worh-as 


Working  No . 


_Raie$^ 


Jiate$- 


-Mine 
-Mine 


-Mine- 


Timekeeper 


Hospital  Certificate  No 

Fig.  5. — Return  to  work  record. 
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AilBDLANCE  NO.  1 


NATURE  OF  INJURY 


Fio.  6. — Ambulance  dbiveb's  report. 
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were  held;  teams  were  sent  to  Pittsburgh,  Pa.,  in  1919,  and  to  Denver, 
Colo.,  in  1920,  to  take  part  in  the  National  Contests.  In  1917  no  con- 
tests were  held  because  of  the  extensive  labor  troubles  and  war  prepara- 
tions of  that  year.  However,  the  mine-rescue  and  first-aid  department 
conducted  a  school  giving  special  instruction  in  work  in  the  miners  and 
sappers  division,  from  which  twenty  men  graduated,  nearly  all  of  whom 
entered  the  service  as  sergeants  and  several  were  later  commissioned. 

Awarding  of  Prizes 

On  April  1,  1913,  the  company  decided  to  award  a  prize  of  $1000  for 
accident  prevention;  $750  was  to  be  given  to  the  foreman  having  the 
lowest  accident  rate  per  100,000  shifts,  and  $250  to  the  foreman  having 
the  second  lowest  rate.  In  this  contest  only  such  accidents  as  dis- 
abled the  injured  man  for  more  than  30  days  were  counted.  But  this 
offer  was  discontinued,  for  various  reasons,  after  two  years  of  operation. 
The  serious  accident  rates  for  the  Butte  operations,  including  mines  and 
surface  shops,  for  the  year  this  prize  was  given  and  after  the  Bureau  of 
Safety  was  formed,  are  as  follows : 

Rate  per  10,000 
Year  Shifts  Shifts 

Injuries  Involving  More  than  30  Days  Disability 

Apr.  1,  1913,  to  Mar.  31,  1914 2,128,463.75        1.0480 

Apr.  1,  1914,  to  Mar.  31,  1915 1,697,814.00        1.0896 

Injuries  Involving  More  than  14  Days  Disability 

1915 2,803,156.00  1.420 

1916 3,810,278.00  0.989 

1917 3,169,720.00  1.031 

1918 3,543,149.00  1.117 

1919 1,853,143.25  1.477 

1920 1,879,410.50  1.583 

This  shows  that  the  rate  for  accidents  causing  a  disability  of  more  than 
30  days  prior  to  the  organization  of  the  Bureau  of  Safety  was  nearlj'^  as 
high  as  that  for  accidents  of  only  14  days  for  later  periods. 

Safety  Rules 

At  first  the  Bureau  of  Safety  paid  little  attention  to  safety  rules;  the 
general  manager  compiled  a  four-page  pamphlet  of  fundamental  rules 
and  a  copy  was  given  to  each  employee.  The  idea  was  to  keep  down,  as 
much  as  possible,  the  number  of  rules,  but  to  enforce  those  made.  As  the 
work  developed  and  accident  records  began  to  reveal  dangerous  practices, 
placards  (either  pictures  or  printed  matter)  calling  attention  to  the  danger 
were  posted  about  the  mines  and  works.  Many  of  these  placards  have 
become  rules  in  effect.  Later  these  rules  were  assembled  and  are  now 
ready  for  publication  in  book  form;  they  are  as  follows: 
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Text  of  New  Kule  Book 
Foreword 

It  is  the  sincere  desire  of  the  Anaconda  Copper  Mining  Co.  to  make  and  keep  all 
working  places  in  a  safe  and  sanitary  condition. 

The  company  is  engaged  in  the  business  of  producing  copper  and  any  act  of 
employees  which  has  helped  or  will  help  make  this  business  profitable  has  been  and 
will  be  reflected  to  the  advantage  of  the  employees.  The  cooperation  of  all  employees 
is  solicited,  therefore,  in  order  that  all  may  pull  together  for  a  safe,  efficient,  and 
profitable  business. 

The  following  rules  and  suggestions  are  the  result  of  recommendations  made  by 
managers,  superintendents,  foremen,  safety  inspectors,  shift  bosses,  and  miners  and 
have  been  carefully  edited  and  will  be  followed  as  closely  as  practical  working  condi- 
tions will  permit. 

Surface 

1.  All  power-driven  machinery  in  shops  and  sawmills  or  framing  plants  shall  be 
equipped  with  approved  guards. 

2.  No  rubbish,  oily  waste,  or  other  inflammable  material  shall  be  allowed  to 
accumulate  at  any  point  about  the  surface  plants.  Proper  receptacles  shall  be 
provided  to  receive  such  waste. 

3.  All  boiler  steam  plants  shall  be  provided  with  two  escapeways,  as  remote  as 
possible  from  each  other. 

4.  All  overhead  driving  shafts  and  pulleys  must  be  made  easily  and  safely  access- 
ible to  the  oiler  by  means  of  proper  runways  and  guard  rails. 

5.  Lumber  and  timber  in  all  surface  yards  must  be  so  piled  that  it  will  be  safe  from 
falling,  and  these  piles  must  have  sufficient  clearance  from  all  tracks  and  roads  to 
prevent  being  struck  by  wagons,  trucks,  etc. 

6.  All  timber  chutes  and  sUdes  must  be  provided  with  proper  signs  and  safe- 
guards to  warn  passers-by  of  danger. 

7.  Material  in  warehouses  must  be  kept  in  neat  and  orderly  manner.  Rubbish, 
such  as  boards  with  projecting  nails,  will  not  be  tolerated  about  the  warehouse 
and  yards. 

8.  The  ends  of  waste-dump  and  ore-bin  tracks  must  be  provided  with  adequate 
stop  blocks. 

9.  Ore-bins  must  be  provided  with  safety  ropes  to  be  used  by  persons  going  down 
into  bins  for  any  reason. 

10.  All  hoist  rooms  must  be  kept  in  a  neat  and  orderly  condition. 

11.  No  person,  except  employees  on  business,  shall  be  permitted  to  enter  any 
hoist  room. 

12.  No  person  shall  talk  to  or  otherwise  detract  the  attention  of  a  hoisting  engineer 
while  on  duty. 

13.  All  electrically  driven  shop  machines  must  be  provided  with  safety  signs 
"DO  NOT  START,  MEN  WORKING  ON  MACHINE,"  and  such  signs  must  be 
displayed  at  the  control  switch  of  such  machinery  when  repairs  are  being  made,  or 
when  the  machine  is  stopped  for  oiling. 

14.  No  hoisting  engineer  shall  move  a  cage  upon  any  other  signal  than  that  of  the 
regular  shaft  bell. 

15.  AU  turn  sheets  and  floors  about  shaft  collars  must  be  kept  in  a  smooth  and 
orderly  condition. 

VOL.  Lxvin. — 2 
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16.  No  tools,  timber,  or  other  loose  material  may  be  placed  closer  than  10  ft.  to  any 
shaft,  where  such  material  is  likely  to  cause  stumbling  or  is  likely  to  be  pushed  into 
the  shaft. 

17.  All  shaft  collars  must  be  provided  with  proper  guard  rails  or  gates  and  these 
must  be  in  place  to  guard  the  shaft  at  all  times  except  when  the  cage  is  actually 
spotted  at  the  collar. 

18.  Proper  overhead  platforms  must  be  provided  at  all  shafts  using  skips  to 
prevent  falUng  rocks  injuring  persons  on  the  turn  sheet. 

Shafts 

1.  All  hoisting  ropes,  cages,  kingbolts,  and  safety  catches  must  be  regularly 
inspected  by  a  competent  person  and  must  be  regularly  oiled  and  kept  in 
proper  condition. 

2.  All  guides  and  shaft  timbers  must  be  inspected  daily  by  a  competent  person. 

3.  Guard  rails  and  electric  lights  must  be  provided  at  all  underground  stations, 
skip  chutes,  etc. 

4.  No  tools  or  other  loose  material  must  be  left  closer  than  10  ft.  from  the  shaft  on 
any  underground  station. 

5.  Ladders  in  shaft  manways  must  be  properly  placed  with  not  more  than  30  ft. 
between  landings. 

6.  Men  working  in  shafts  shall  have  a  suitable  covering  to  protect  themselves 
from  material  falling  down  the  shafts.  They  shall  instruct  all  hoisting  engineers  on 
duty  at  the  time  with  respect  to  the  place  and  nature  of  their  work,  so  that  the  cage 
will  not  be  let  down  on  them.  They  shall  have  their  working  platforms  of  sufficient 
size  and  strength  to  safely  carry  on  their  work. 

7.  In  shafts,  winzes,  or  raises  where  two  or  more  crews  are  working,  one  crew  above 
another,  there  shall  be  a  bulkhead  between  each  of  the  crews  strong  enough  to  stop 
any  tools  or  other  material  that  may  fall  from  men  working  above  them. 

8.  All  cages  must  be  equipped  with  doors  and  same  must  be  closed  when  one  or 
more  persons  are  on  cage. 

9.  In  no  case  should  men  and  material,  other  than  that  which  is  carried  by  hand, 
be  carried  on  the  same  deck  of  a  cage. 

10.  No  open  hook  shall  be  used  with  a  bucket  in  hoisting,  but  only  some  approved 
safety  hook  or  shackle  hook. 

11.  In  no  case  shall  a  cage,  skip,  or  bucket  be  lowered  to  the  bottom  of  the  shaft 
when  men  are  working  there,  but  must  be  stopped  at  least  15  ft.  above  the  bottom 
until  the  signal  to  lower  farther  has  been  given  by  one  of  the  men  at  the  bottom  of  the 
shaft.     (This  rule  does  not  apply  to  shafts  less  than  50  ft.  in  depth.) 

12.  Every  underground  station  shall  be  protected  by  a  substantial  guard-rail, 
chain,  or  gate  and  same  shall  be  closed  at  all  times  when  the  cage  is  not  at  the  station. 

Underground  Stations 

1.  No  person  except  station  tenders  are  permitted  to  ring  shaft  bells  and  all 
underground  stations  shall  have  station  signal  and  warning  signs  with  reference  to 
shaft  bell  conspicuously  posted 

2.  Scuffling,  crowding,  and  horse-play  about  shaft  stations  is  strictly  prohibited. 

3.  Stations  must  be  well  hghted  and  kept  in  a  clean  and  orderly  condition. 

4.  All  stations  must  be  provided  with  safety  screen  doors  of  1-in.  mesh  material. 

5.  Ore-pockets  must  be  guarded  by  proper  grizzUes  of  not  more  than  12  in.  space 
and  must  be  provided  with  suitable  cover  to  be  used  when  no  dumping  is  being  done. 
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Drifts  and  Crosscuts 
Timbering 

1.  All  drifts  used  as  haulageways,  for  motors  or  tramming,  shall  be  wide  enough, 
at  least  on  one  side  of  drift,  to  offer  refuge  to  men  while  cars  are  passing. 

2.  Timbers  squeezing  in  on  track  should  be  repaired  at  once. 

3.  The  back  of  timber  sets  should  be  kept  lagged  tight  and  side  lagging  used  where 
necessary. 

4.  When  drifts  and  crosscuts  are  not  timbered,  backs  and  sides  must  be  kept 
barred  down. 

Trackwork 

1.  All  tracks  must  be  kept  in  proper  condition  to  prevent  derailments,  and  any 
defect  or  obstruction  to  track  repaired  immediately. 

2.  Rock  should  not  be  allowed  to  accumulate  along  the  track.  All  curves  and 
turnouts  must  have  a  proper  clearance. 

Tramming 

1.  Trammers  should  be  cautioned  to  pay  attention  to  obstructions  to  avoid 
accident,  and  to  keep  their  fingers  off  top  and  side  of  cars  when  tramming,  where  there 
is  danger  of  catcliing  fingers  on  projecting  sides  or  chutes. 

2.  Timbers  or  other  material  should  not  be  piled  along  track  used  for  tramming 
closer  than  2  ft.  from  rail. 

3.  No  cars  should  be  left  in  places  where  they  will  unduly  restrict  air  currents  or 
cause  collisions. 

4.  All  dumping  places  must  be  protected  when  not  in  use. 

Motors  and  Cars 

1.  All  underground  motors  shall  be  provided  with  a  gong. 

2.  No  one  except  those  employed  thereon  is  permitted  to  ride  on  motors  or  cars. 

3.  Do  not  place  long  tools  or  material  on  motor  or  cars,  use  a  truck. 

4.  Powder  must  be  trammed  by  hand  to  magazine. 

5.  Do  not  push  loaded  trucks  ahead  of  motor. 

6.  Timber  or  other  material  must  not  be  piled  on  sides  of  motor  or  along 
haulageways. 

Electric  Wiring 

1.  Trolley  wires  should  be  boxed  in  all  places,  no  matter  how  high  above  rail. 
Boxing  should  extend  to  3  in.  below  trolley  wire. 

2.  Do  not  handle  Uve  wires,  shut  off  the  power  when  repairs  or  extensions  are 
to  be  made. 

3.  Never  close  a  switch  without  full  knowledge  concerning  the  circuit  and  the 
reason  for  the  switch  being  open. 

Handling  Material,  Loading  and  Dumping  Cars 

1.  Men  are  forbidden  to  carry  tools,  pipe,  rails,  etc.  upon  their  shoidders  in  any 
drift  or  crosscut  where  electric  wires  are  installed. 

2.  Use  a  side  board  when  loading  from  a  chute  and  trim  all  loaded  cars  so  that  they 
will  go  under  all  chutes. 

3.  Where  side-dumping  is  done,  all  mine  cars  shall  be  equipped  with  a  safety 
attachment  to  prevent  the  cars  from  falling  back  on  the  dumper. 
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Powder  Magazines  and  Fuse  Stations 

1.  Must  be  kept  dry  and  well  ventilated  and  free  from  rubbish.  Should  have 
electric  lights  wherever  possible. 

2.  Powder  and  caps  should  be  kept  at  least  100  ft.  apart  and  not  on  a  haulageway. 

3.  Powder  sacks  must  be  provided  for  and  used  by  miners. 

4.  No  powder,  caps,  or  fuse  shall  be  left  in  any  stope,  raise,  drift,  or  other  place 
except  in  the  powder  magazine  or  fuse  station.  • 

5.  Powder  magazine  should  be  fireproof  where  possible  and  must  have  no  electric 
wires  closer  than  10  ft.  from  the  door. 

6.  Use  only  wooden  mallet  in  opening  powder  boxes. 

Toilet  Cars  and  Sanitation 

1.  Toilet  cars  should  not  be  set  in  a  main  air  passageway. 

2.  Doors  should  be  kept  closed  when  not  in  use. 

3.  Toilet  cars  shall  be  sent  to  the  surface  each  day  for  proper  cleaning 
and  disinfecting. 

4.  Underground  stable  shall  be  cleaned  each  day  and  drippings  in  waste  taken  to 
the  surface. 

5.  Do  not  throw  refuse  food  around  a  working  place  or  on  the  sill. 

6.  Dump  carbide  lamps  in  a  car,  if  possible;  never  practice  dumping  it  in  the  same 
place  around  manways,  stations,  or  other  working  places. 

7.  Do  not  allow  water  to  accumulate  and  become  stagnant  around  working  places. 

8.  Pure  drinking  water  shall  at  all  times  be  provided.  Tanks  and  water  kegs 
should  be  provided  with  locks  and  adequately  protected  from  contamination  by  dust 
and  from  promiscuous  drinking  from  open  vessels. 

9.  Drinking  fountains  should  be  installed  on  the  station  of  every  working  level 
where  it  is  convenient  to  pipe  city  water. 

10.  All  main  passageways,  whether  for  air  or  travel,  should  be  kept  sprinkled. 
By  keeping  down  the  dust,  the  air  is  purer  and  very  often  cooler. 

Raises 
Timbering 

1.  Stand  timbers  as  soon  as  possible  and  block  carefully.  Lag  sides  of  manway 
set  where  necessary, 

2.  10-in.  grizzlies  should  be  used,  with  openings  not  over  12  in.  wide. 

3.  Grizzlies  are  to  be  raised  as  fast  as  chute  is  lined  and  in  no  case  should  grizzlies 
be  more  than  one  floor  below  shoveler.  Grizzlies  should  not  be  removed  from  one 
floor  until  they  can  be  relaid  on  the  next. 

4.  When  drilling  from  a  staging  in  raises,  the  grizzlies  should  be  lagged  over. 

Ventilation 

1.  It  should  be  the  aim  of  every  man  to  help  the  mine  ventilation  in  every 
possible  way. 

2.  Do  not  leave  cars  or  material  in  such  a  position  as  to  obstruct  needed 
air  currents. 

3.  Do  not  tamper  with  or  injure  fans  or  fan  motors. 

4.  Do  not  injure  or  otherwise  derange  ventilation  tubing. 

5.  Do  not  blast  with  fan  tubing  too  close,  take  down  the  lengths  near  the  blast 
and  replace  them  after  the  blast. 

6.  When  a  door  is  opened  close  it  after  you,  unless  otherwise  instructed  by  the 
shift  boss. 
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Blasting 

1.  Do  not  leave  powder  or  primers  in  the  stope. 

2.  Guard  all  approaches  so  that  no  one  else  can  walk  into  the  blast. 

3.  Bosses  should  notify  men  when  they  are  close  to  other  workings,  so  that  men 
working  therein  will  not  be  in  danger  from  blasts. 

4.  Use  tamping  in  every  hole. 

5.  In  tamping  drill  holes,  use  only  wooden  rammers.  Tamping  by  strokes  is 
forbidden;  only  direct  steady  pressure  is  permissible. 

6.  Miners  must  count  their  shots  and  report  any  missed  holes  at  office  when  going 
off  shift. 

7.  Working  places  with  missed  holes  should  not  be  entered  for  at  least  30  min.  from 
time  of  spitting  and  then  any  missed  hole  must  be  fired  before  any  work  is  done  around 
the  face.  Do  not  attempt  to  extract  the  charge  from  a  missed  hole  but  insert  a  fresh 
charge  and  fire  it.  Bosses  should  notify  men  when  they  are  close  to  other  workings 
so  that  men  working  in  them  may  be  warned  at  blasting  time. 

8.  Do  not  blast  without  giving  proper  warning  and  guarding  all  approaches.  In 
loading  holes,  do  not  leave  powder  and  primers  together  at  the  face. 

Holing 

1.  In  holing  into  workings  that  are  used  for  travel,  all  directions  leading  to  the 
place  to  be  holed  shall  be  guarded  during  the  blast. 

2.  Do  not  hole  a  raise  directly  under  a  sill,  it  should  be  offsetted  one  set  in  hanging. 

3.  Install  a  man  catcher  as  soon  as  the  timbering  is  finished. 

Manways 

1.  Use  care  in  passing  under  manways  and  chutes,  something  may  drop  on  you. 

2.  Must  be  offset  on  sill  when  starting. 

3.  Must  have  landings  or  offsets  in  all  places  over  50°  pitch  and  these  must  not  be 
over  30  ft.  apart. 

4.  Use  shaft  ladders  in  wet  places. 

5.  Keep  clean  and  sprinkled  if  possible. 

6.  Steel  should  not  be  thrown  down  manways;  it  should  be  lowered  with  a  rope 
or  passed  from  set  to  set. 

7.  Ladders  must  be  kept  in  good  repair,  broken  rungs  replaced  as  soon  as  possible. 

8.  Guard  rails  must  be  provided  at  all  places  where  it  might  be  possible  for  a  man 
to  fall  into  manway,  chute,  rill,  shaft,  or  gob. 

9.  Must  be  kept  free  from  obstructions  and  safe  from  falls  of  rock,  by  lagging  the 
walls  whenever  necessary. 

10.  At  crossovers,  timber  slide  should  have  guard  rail  around  it. 

Stopes 
Drilling 

1.  Bar  down  before  starting  to  drill. 

2.  Do  not  driU  in  loose  ground. 

3.  Examine  the  back  or  face  and  see  that  there  are  no  missed  holes  before  drilling. 

4.  Do  not  drill  from  an  improper  staging. 

5.  Treat  your  machine  as  if  you  owned  it.  Do  not  injure  it  unnecessarily.  Keep 
it  oiled  properly. 
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Mucking 

1.  Do  not  work  under  bad  ground;  if  in  a  square-set  stope,  see  that  the  floor  is 
tight  over  your  head;  if  in  a  rill  stope,  keep  the  safety  chain  or  rope  near  at  hand. 

2.  Be  careful  to  trim  the  pile  and  prevent  injuries  to  hands  and  feet. 

3.  Be  sure  the  grizzKes  on  chute  are  well  blocked  and  guard  rails  in  before  starting 
to  muck. 

Timbering 

1.  Do  not  work  under  loose  ground;  if  in  doubt,  timber. 

2.  Do  not  use  too  small  timbers  in  a  wide  heavy  stope. 

3.  Lag  over  each  set  as  you  put  it  in. 

4.  When  in  a  rill,  put  in  a  stuU  if  the  walls  are  unsafe. 

Barring  Down 

Examine  the  back  and  sides  before  going  to  the  breast  as  the  blast  may  have 
loosened  something  that  was  previously  considered  safe.  Be  sure  that  no  one  is  under 
you  when  barring  down.     Always  have  a  sharp  pinch  bar  handy. 

Floors 

1.  When  entering  a  stope,  the  first  thing  should  be  to  examine  the  floors.  See  that 
all  have  safe  bearing.  Never  spike  them.  Lay  them  tight  and  wedge  between 
the  posts. 

2.  Clean  the  working  floors  first  before  barring  down. 

3.  Keep  all  tools  and  other  working  material  not  in  use  stacked  neatlj-  back  out  of 
the  way  while  working. 

Chutes 

1.  Line  up  the  braces  and  make  them  tight  before  lining  the  chute. 

2.  Chutes  should  always  be  lined  to  the  working  floor  and  grizzUes  securely 
blocked.     Use  standard  10  by  10-in.  grizzlies. 

3.  In  200-ft.  lifts,  3-in.  chute  lining  should  be  used  in  first  100  ft. 

Timber  Slides 

Use  2-in.  lagging  for  slides.  Guard  rails  should  be  installed  in  manways  on  land- 
ings to  prevent  any  one  falling  into  the  slide. 

Tools,  etc. 

Keep  an  extra  powder  sack  for  a  tool  bag,  to  be  used  for  spikes,  wrenches  and 
other  small  tools.  Never  leave  spikes  on  the  floor.  When  blasting  leave  the  tools  in 
the  clear,  not  in  the  direct  line  of  the  blast.     Hang  up  your  saw. 

Filling 
In  square-set  stopes,  filling  should  be  kept  up  within  two  floors  of  working  floor. 

First  Aid  and  Mine  Rescue 

All  shift  bosses  who  are  physically  fit  must  take  the  mine-rescue  and  first-aid 
training. 

Each  shift  boss  should  have  a  firebug,  who  is  also  a  helmet  and  first-aid  man. 
These  men  should  carry  the  vest-pocket  metal  first-aid  packet  at  all  times  so  as  to  be 
able  to  give  immediate  first  aid. 
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Supplies 

The  safety  inspector,  or  foreman  at  a  mine  where  there  is  no  safety  inspector,  shall 
see  that  the  first-aid  supplies  and  equipment  are  up  to  standard  at  all  times. 

Exits 

Whenever  possible,  exits  shall  be  made  to  other  mines  and  surface  to  provide 
escapeways  for  men  when  such  are  needed  and  all  such  exits  shall  be  plainly  marked  at 
all  times  at  intersections,  etc. 

All  exits  shall  be  kept  in  a  safe  and  passable  condition  at  all  times;  and  when  an 
exit  is  discontinued  for  anyreason,  all  signs  directing  the  exit  shall  be  removed. 

All  employees  on  each  level  shall  be  instructed  by  the  shift  boss  or  safety  inspector 
in  regard  to  the  proper  exits  to  use  in  case  of  emergency. 

Rules  for  Electrical  Workers 

Warnings 

Employees  whose  duties  do  not  require  them  to  approach  or  handle  electrical 
equipment  and  Unes  should  keep  away  from  such  equipment  or  lines.  Don't  take 
chances. 

Clothing 

Employees  should  wear  suitable  clothing  while  working  on  or  about  live  equipment 
and  lines.  In  particular,  they  should  keep  sleeves  down  and  should  avoid  wearing 
unnecessary  metal  articles,  celluloid  collars,  celluloid  or  metal  cap  visors  or  similar 
articles.  Near  live  or  moving  parts,  loose  clothing  and  shoes  that  slip  easily  on  floors 
worked  upon  should  not  be  worn. 

Safety  Belts 

Employees  should  not  work  in  elevated  positions  unless  secured  from  falling  by 
approved  safety  belts  or  by  other  adequate  means. 

Safety  belts,  whether  owned  by  the  company  or  by  the  individual  workmen, 
should  be  periodically  inspected. 

When  a  cover  is  removed  from  a  manhole,  the  hole  must  be  properly  guarded  by 
railing,  danger  sign,  or  red  flag.  An  additional  man  stationed  at  the  opening  is  often 
advisable. 

Tools 

No  imperfect  or  defective  tool  should  be  used. 

The  handles  of  tools  should  be  covered  with  rubber  tape  to  prevent  slipping  and  to 
reduce  the  possibility  of  short  circuits  across  them.  Such  taping,  however,  should  not 
be  relied  on  for  protection  of  workmen  from  shock.  Heads  of  cold  chisels,  center 
punches,  etc.,  should  be  occasionally  dressed  and  not  allowed  to  become  mushroomed. 
Avoid  the  use  of  measuring  tapes  of  metal  or  with  metal  woven  into  the  fabric,  also 
brass-bound  rules  and  steel  scales.    " 

Circuits 

Circuits  should  be  made  dead  whenever  possible  before  work  is  begun.  Dead 
circuits  should  be  treated  as  if  they  were  alive.  This  procedure  develops  a  cautious 
nature  and  may  sometimes  prevent  an  accident  caused  by  another  person's  error. 

AU  circuits  should  be  tagged  or  lettered  so  that  they  may  be  readily  identified. 

Whenever  circuits  are  opened  for  repairs,  alterations,  or  examination,  the  control 
switch  should  be  locked  open  and,  where  switch  construction  permits,  it  should  be 
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padlocked.  The  disconnecting  switches  or  cutouts  should  also  be  opened  as  an 
additional  safeguard  against  accidental  closing  of  circuit.  The  workman  responsible 
for  having  the  circuit  opened  shall  place  on  a  controlling  switch  a  tag  bearing  his  name 
and  a  notice  that  the  switch  shall  not  be  closed  until  the  tag  is  removed.  No  person 
other  than  the  workman  tagging  the  switch  shall  be  allowed  to  close  such  switch. 
Whenever  it  becomes  necessary  for  the  person  tagging  a  switch  to  leave  before  the  work 
is  completed,  as  may  be  the  case  in  a  long  job,  he  shall  go  to  the  switch  accompanied 
by  the  man  who  is  to  assume  the  responsibility,  and  remove  his  tag;  his  successor  shall 
then  attach  a  similar  tag  to  the  switch. 

Wiring 

The  insulation  on  a  wire  should  not  be  trusted  for  protection  from  shock.  While 
the  insulation  may  look  perfect,  it  may  have  deteriorated  from  age  or  exposure  so  it 
cannot  be  relied  on. 

Grounding 

Frames  of  motors,  switch  boxes,  transformers,  etc.,  must  be  substantially  grounded. 

Operating  Sv/itches 

Switches  should  be  left  wide  open  when  in  open  position,  and  fully  closed  when  in 
the  closed  position. 

Switches  should  not  be  closed  in  a  hesitating  manner  or  by  tapping  the  blades 
against  the  contacts  to  ascertain  if  the  current  is  on,  but  should  be  closed  in  a  firm, 
positive  manner,  using  sufficient  force  to  make  full  contact  of  blades.  A  switch  should 
not  be  closed  without  fuU  knowledge  of  the  condition  of  the  circuit. 

Power  Plant  and  Motor  A  ttendants 

Do  not  allow  oil  cans,  tools,  dusters,  or  wiping  cloths  to  catch  in  moving  parts  of 
machines.  When  passing  any  switchboard  or  machine  in  operation,  do  not  touch  it 
unnecessarily  nor  allow  metal  tools  or  other  metal  objects  to  touch  the  apparatus  or 
its  connections. 

Do  not  wear  loose  flapping  clothing  when  working  about  moving  machinery. 

First  Aid 

When  a  man  has  learned  five  simple  but  practical  points  in  first  aid  he  may  at  any 
time  be  able  to  save  the  life  of  a  fellow  workman.     These  five  points  are: 

1.  How  to  stop  serious  bleeding. 

2.  How  to  avoid  infection  or  blood  poisoning. 

3.  How  to  splint  and  otherwise  treat  broken  bones. 

4.  How  to  recognize  and  treat  for  nervous  shock. 

5.  How  and  when  to  give  artificial  respiration. 

Space  wiU  not  permit  a  thorough  description  of  how  these  things  are  to  be  done, 
but  any  employee  of  the  company  in  Butte  can  get  this  instruction  free  of  charge  by 
making  application  at  the  Tramway  rescue  station.  The  following,  however,  are  some 
of  the  most  necessary  things  to  do : 

If  you  see  blood  spurting  from  a  wound,  you  may  stop  it  by  applying  pressure  with 
your  fingers  in  the  following  manner: 

1.  If  the  wound  is  in  the  scalp  apply  pressure  just  in  front  of  the  ear. 

2.  If  the  bleeding  is  in  the  arm-pit  apply  pressure  with  your  thumb  in  the  hollow 
between  the  collar-bone  and  the  neck. 

3.  If  the  bleeding  is  in  the  arm  apply  pressure  with  your  fingers  along  the  inner 
seam  of  the  coat  sleeve  between  the  large  muscles  of  the  arm. 
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4.  If  the  bleeding  is  in  the  leg,  at  or  near  the  gioiu,  apply  pressure  iu  front  directly 
over  the  hip  joint. 

5.  If  the  bleeding  is  below  the  knee  apply  pressure  with  you  fingers  just  back  of 
the  knee  joint. 

You  will  have  to  hold  points  2  and  4  until  the  doctor  comes,  but  you  may  tie  a  tight 
bandage  with  a  pad  over  the  pressure  point  to  1,  3  and  5.     This  is  called  a  tourniquet. 

Any  time  the  skin  is  broken,  no  matter  how  sUghtly,  there  is  danger  of  infection. 
To  avoid  this  you  should  not  wash  the  wound  or  touch  it  with  anything  except  sterile 
gauze.  Do  not  apply  any  medicine  or  salves,  except  to  paint  the  wound  with  iodine, 
and  always  cover  it  thoroughly  with  sterile  gauze.  Do  not  put  any  iodine  on  the  gauze 
and  put  only  one  light  coat  of  iodine  on  the  wound.    Let  the  doctor  do  the  cleaning. 

When  you  see  a  man  with  a  broken  bone  do  not  move  him  more  than  is  abso- 
lutely necessary.  Examine  the  injury  and  if  the  bone  sticks  through  the  skin  apply 
a  sterile  gauze  dressing  and  stop  the  bleeding,  if  any,  then  tie  the  broken  bone  with 
splints,  made  of  pieces  of  wood  with  plenty  of  padding,  in  such  a  manner  that  the 
broken  part  cannot  move.  If  the  bone  does  not  stick  through  the  skin  apply  the 
splints  without  a  sterile  dressing. 

Nervous  shock  is  a  condition  of  the  nervous  system  caused  by  injury  or  fright 
and  is  sometimes  very  dangerous.  When  j^ou  see  an  injured  man  with  a  pale  face, 
trembUng  or  talking'^excitedly,  lay  him  down  with  his  head  low,  cover  him  with 
blankets,  keep  him  warm,  give  him  fresh  air,  hot  coffee,  hot  tea,  or  other  stimulant 
and  get  him  to  a  doctor  as  soon  as  possible. 

Artificial  respiration  should  be  given  only  when  a  man  is  unconscious  from  electric 
shock,  gassing,  drowning,  or  an  overdose  of  some  kind  of  poison,  such  as  morphine, 
alcohol,  etc.,  except  in  some  other  cases  under  the  direction  of  a  doctor.  When  a  man 
has  become  unconscious  from  any  of  the  above  causes  and  is  not  breathing  sufficiently 
to  keep  him  alive  you  should  act  quickly. 

Do  not  wait  for  help  or  to  carry  the  man  any  distance,  except  to  fresh  air.  Fold 
your  coat  or  jumper  and  place  it  under  the  patient's  abdomen  just  below  the  stomach. 
Open  his  mouth  and  clean  out  any  loose  substance  that  might  be  drawn  into  the 
windpipe,  pull  the  tongue  forward,  place  the  patient's  forehead  on  one  wrist  and 
extend  the  other  arm  upward  from  the  body.  Kneel  straddle  of  the  patient's  thighs. 
Place  your  hands  on  the  small  of  the  back  2  in.  above  the  hips.  Then  swing  forward 
throwing  your  weight  on  the  patient.  Swing  back  again  to  position  1,  then  back  to 
position  2,  keeping  up  this  alternate  pressure  and  release  at  the  rate  of  sixteen  times 
per  minute  until  your  patient  revives,  or  at  least  for  2  hr.  or  more.  If  assistance  is 
available,  you  should  have  the  patient  kept  warm  by  covering,  hot-water  bottles,  or 
any  other  means  at  hand,  such  as  rubbing  the  limbs  toward  the  heart  to  stimu- 
late circulation. 

A  good  idea  is  for  you  to  attend  the  free  first-aid  classes  and  take  the  complete 
first-aid  course,  as  it  takes  some  practice  in  all  of  these  things  to  reach  the 
maximum  proficiency. 

Inspections 

The  safety  engineer  and  his  assistant  made  regular  inspections  of  all 
mines  and  surface  plants  and  reported  their  findings  to  the  manager  of 
mines.  These  reports  were  read  by  the  general  superintendent  before 
the  meetings  of  the  group  safety  committee,  in  which  the  foreman  and 
shift  boss,  in  whose  territory  a  defect  was  shown  or  to  whom  a  serious 
accident  was  charged,  were  asked  to  explain  the  circumstance  connected 
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with  the  accident  or  to  explain  why  he  had  disobeyed  the  safety  rules. 
This  kept  the  foremen  and  bosses  well  lined  up  on  the  safety  work. 

Later,  and  after  the  results  of  the  company's  extensive  mine  ventila- 
tion program  began  to  be  felt,  it  was  found  that  many  things  closely 
allied  to  safety  needed  close  attention;  so  a  safety  and  ventilation  inspec- 
tor was  employed  for  each  mine.  In  March,  1920,  eighteen  of  these 
inspectors  were  added  to  the  force.  They  spend  all  their  time  under- 
ground and  record  in  a  notebook  all  infractions  of  safety  rules  and 
condition  of  escapeways  and  safety  signs,  they  see  to  the  proper  and  safe 
handling  of  explosives,  and  note  defects  in  ventilation  systems,  com- 
pressed-air leaks,  defective  or  improper  electrical  installations,  places 
where  men  are  found  working  in  danger  or  in  other  ways  disobeying  the 
safety  rules.  They  also  look  after  the  first-aid  equipment  and  see  that  a 
crew  of  mine-rescue  men  is  kept  available.  The  defects  or  infractions  of 
safety  rules  are  reported  at  once  to  the  mine  foreman,  who  takes  imme- 
diate steps  to  remedy  the  condition;  the  safety  inspector  also  makes  a 
complete  report  of  all  notes  taken  and  what  has  been  done  to  remedy  the 
defective  condition  every  two  weeks  to  the  chairman  of  the  Bureau  of 
Safety.  A  copy  of  this  semimonthly  report  is  then  sent  to  the  general 
superintendent  with  any  notations  the  chairman  desires  to  make.  The 
general  superintendent  then  reads  the  reports  before  the  meeting  of 
superintendents  and  foremen  where  further  comments  and  suggestions 
are  made.  This  provides  a  follow-up  method  that  either  gets  the  results 
desired  or  proves  the  safety  inspector's  suggestions  to  be  infeasible. 

The  safety  inspectors  assist  the  ventilation  engineer  in  carrying  out  the 
details  of  the  mine  ventilation  plan.  They  take  temperature,  humidity, 
and  velocity  readings  and  look  after  the  proper  arrangement  of  ventila- 
tion doors. 

The  reason  for  employing  safety  inspectors  is  that  each  mine  foreman 
is  assumed  to  have  a  sincere  desire  to  cooperate  in  the  safety  movement 
and  these  inspectors  help  the  foreman  make  the  work  effective  without 
interfering  with  his  numerous  other  duties. 

Discipline 

In  March,  1916,  labor  conditions  were  such  that  it  was  almost  a 
pleasure  for  a  man  to  be  discharged,  because  it  gave  him  at  least  one 
shift  lay-off.  He  could,  however,  if  discharged  in  the  forenoon  go  to  work 
at  another  mine  that  night,  so  that  discharging  a  man  even  for  the  most 
flagrant  violation  of  safety  rules,  such  as  ringing  the  shaft  bell,  was 
not  a  penalty. 

The  general  superintendent  suggested  that  a  lay-off  of  seven  or  more 
days  be  given  for  disciplinary  purposes.  Then,  when  a  man  violated 
safety  regulations  and  was  laid  off,  his  employment  card  was  held  in  the 
oflSce  for  7  days  and  without  this  card  he  could  not  obtain  work  anywhere 
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in  the  district.  This  system  worked  very  well,  so  far  as  accident  preven- 
tion was  concerned,  but  for  other  reasons  it  was  abandoned  about  15 
months  later. 

The  Anode 

It  was  early  realized  that,  while  exact  enforcement  of  safety  rules  and 
holding  foremen  responsible  for  accidents  would  do  much  toward  the 
prevention  of  accidents,  the  greatest  factor  was  the  interest  taken 
by  the  workmen  themselves.  In  order  to  get  the  case  before  all  employees 
in  the  proper  light  the  publication  of  The  Anode  was  begun  in  January, 
1915.  This  is  a  sixteen-page  pamphlet  devoted  to  the  interest  of  safety 
and  published  monthly.  Tables  showing  accidents  charged  to  each 
mine  and  smelter  department  are  published  in  each  number  and  the 
employees  contribute  articles  containing  their  ideas  on  safety.  Prizes 
of  $15,  each,  are  awarded  for  the  best  article  submitted  by  employees  of 
the  mines  and  smelters,  and  $5  is  paid  for  any  article,  which  does  not 
win  a  prize,  that  is  published. 

The  Anode  is  printed  under  contract  and  distributed  free  to  all 
employees  and  a  large  exchange  and  free  mailing  list  is  carried;  from 
6000  to  10,000  copies  are  issued  monthly.  The  cost  of  publishing 
the  periodical,  including  contract  printing  and  delivery,  postage,  and 
prizes  for  articles,  but  not  a  proportion  of  editor's  salary  (the  editor  is  also 
safety  engineer  and  has  charge  of  mine-rescue  and  first-aid  work),  is 
about  8  cents  per  copy. 

Safety-first  Motion  Pictures 

Supplementing  The  Anode,  a  complete  set  of  motion  pictures  showing 
the  numerous  operations  from  the  mining  of  the  ore,  in  Butte  mines,  to 
the  making  of  wire  bar,  at  the  Great  Falls  smelter,  with  safe  practice  and 
safety  slogans  interspersed  and  emphasized  by  red  film,  were  made  and 
have  been  shown  free  at  various  times  to  employees.  This  picture 
consists  of  twelve  reels  and  about  9000  ft.  of  film. 

Many  requests  have  been  received  for  a  loan  of  the  picture  to  other 
mining  companies;  so  to  make  it  available  to  the  mining  public,  especially 
at  times  when  we  desired  to  use  it,  a  copy  was  furnished  the  U.  S.  Bureau 
of  Mines. 

Membership  in  Safety  Societies 

The  company,  through  the  Bureau  of  Safety,  has  maintained  a  connec- 
tion with  all  of  the  national  safety  movements,  such  as  membership  in 
the  American  Mine  Safety  Association,  and  in  the  National  Safety 
Council;  it  has  contributed  to  the  American  Museum  of  Safety,  and  has 
given  the  utmost  cooperation  to  the  U.  S.  Bureau  of  Mines  in  regard  to 
safety  matters  and  furnishing  the  Government  with  accident  data. 
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Ml  N  E-llESC  U  E    A\'  OR  K 

The  numerous  fires  in  Butte  mines  made  necessary  the  use  of  a  large 
number  of  self-contained  oxj-gen-breathing  apparatus,  but  the  use  of 
this  equipment  requires  that  the  men  be  trained;  each  man  must  pass  a 
physical  examination  before  he  can  do  this  actual  work.  It  is  also  neces- 
sary to  provide  adequate  facilities  for  keeping  the  apparatus  in  first-class 
condition  and  to  supervise  closely  the  assigning  of  apparatus  to  the  helmet 
men,  to  prevent  their  going  into  the  mine  with  an  uncharged  or 
defective  machine. 

As  it  was  impracticable  to  equip  each  mine  with  breathing  apparatus 
and  give  it  the  attention  that  safe  practice  demanded,  a  central  rescue 
station  was  built,  in  1915,  at  the  Anaconda  mine.  This  was  equipped 
with  twenty  sets  of  Draeger,  2-hr.  type  apparatus,  and  a  competent  man 
was  in  charge  on  each  shift.  The  Pennsylvania  mine  fire,  of  1916, 
demonstrated  that  while  this  station  gave  the  best  of  service,  a  larger 
station  should  be  built  and  the  territory  divided  between  the  two. 

In  1916,  plans  were  formed  for  conducting  the  mine-rescue  work  as 
safely  as  possible  and  the  second  station  was  built  at  the  Tramway  mine. 
This  station  was  similar  to  the  first  except  that  space  was  provided,  in 
addition  to  that  required  for  the  apparatus,  for  training  crews  in  mine- 
rescue  and  first-aid  work.  All  shift  bosses  who  are  physically  fit 
must  be  trained  in  the  use  of  the  breathing  apparatus  and  in  giving  first 
aid  to  the  injured.  In  addition,  each  foreman  of  the  larger  mines  keeps  at 
least  ten  trained  mine-rescue  men  on  each  shift;  at  the  smaller  mines 
at  least  five  such  men  are  emploj'ed  on  each  shift. 

These  men,  after  receiving  training,  preform  any  work  assigned  to 
them  and  assist  the  bosses  in  inspecting  the  mine  after  blasting  each  day; 
for  this  work  they  are  paid  a  bonus  of  50  cents  per  shift,  and  are  subject 
to  call  to  their  own  or  other  mines  in  case  of  fire.  The  names,  addresses, 
and  telephone  numbers  of  the  mine-rescue  men  are  kept  at  each  mine  and 
the  names  of  all  the  mine-rescue  men  are  kept  at  the  rescue  station.  In 
this  way,  it  is  possible,  without  much  extra  expense,  to  have  several 
hundred  fire  fighters  available  at  any  one  mine. 

The  Draeger  machines,  when  purchased,  were  the  best  for  the  work 
that  could  be  had.  While  there  are  several  types  of  breathing  apparatus 
on  the  market,  each  mining  district  has  its  peculiarities,  which  must  be 
considered  when  selecting  a  machine  of  this  kind.  The  Draeger  appa- 
ratus consists  essentially  of  an  oxygen  tank,  containing  approximately 
11  cu.  ft.  of  oxygen  when  fully  charged,  and  an  absorbent  cartridge 
containing  about  4  lb.  of  sodium  hydroxide.  A  reducing  valve  can  be  set 
to  regulate  the  flow  of  oxygen  from  2  to  4  li.  per  min.  This  oxygen  passes 
through  an  injector  nozzle,  where  the  pressure  drops  to  about  2  oz.  per 
sq.  in.,  and  at  the  same  time  creates  a  partial  vacuum  which,  in  turn, 
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causes  a  circulation  of  air  through  the  apparatus  equal  to  about  70  li. 
per  min.  This  type  of  apparatus,  known  as  constant  feed,  has  recently 
been  supplanted  by  some  of  the  intermittent  feed,  in  which  there  is  no 
partial  vacuum  in  any  part  of  the  circulation  system  and  the  admission 
of  oxygen  from  the  reducing  valve  is  controlled  by  the  volume  in  circu- 
lation. As  a  result,  when  the  volume  of  oxygen  in  the  circulation  system 
has  been  diminished  to  a  certain  point  the  valve  opens  automatically, 
admitting  additional  oxygen.  During  the  past  year,  the  entire 
mine-rescue  equipment  has  been  replaced  by  Paul  machines  of  the  most 
modern  type. 

It  was  early  realized  that  in  order  to  work  safely  with  breathing 
apparatus  that  only  expert  repair  men  should  be  allowed  to  repair  and 
test  the  machines.  Each  machine  must  be  brought  to  the  surface  at 
the  end  of  each  shift  and  taken  to  the  rescue  station  where  it  is  thoroughly 
cleaned,  repaired,  charged,  and  tested  before  it  is  put  into  service  again. 
The  equipment  has  been  added  to  from  time  to  time  so  that  there  are 
seventy  sets  of  breathing  apparatus  in  use;  the  apparatus  owned  by 
neighboring  companies  brings  the  number  available  to  more  than  100 
sets.  Probably  more  actual  work  has  been  done  in  gassy  places  with 
this  apparatus  in  Butte  than  in  any  other  mining  district  in  the  country, 
yet  there  has  not  been  a  single  serious  accident  to  the  men  on  account  of 
defective  apparatus,  since  the  Bureau  of  Safety  took  up  this  work.  The 
approximate  number  of  hours  of  actual  work  under  oxygen  for  the  years 
1917  to  1920  is  as  follows: 

Yeab  Houbs 

1917 8,010 

1918 6,447 

1919 6,662 

1920 8,101 

Total 29,220 

During  this  time  approximately  1000  individuals  wore  apparatus  in 
actual  fire  fighting  for  periods  varying  from  a  few  days  to  almost 
continuously. 

Miners'  Safety-first  Field  Day 

In  1918,  it  was  thought  best  to  abandon  the  first-aid  contest  system 
and  substitute  the  general  field  day  and  first-aid  demonstration.  Since 
then,  the  Miners  Safety-first  field  day  has  become  the  feature  of  the 
Butte  district.  This  field  day  was  designed  to  spread  the  first-aid  and 
safety-first  propaganda  and  to  take  the  place  of  the  old  miners'  union 
picnic,  which  had  been  discontinued  with  the  disruption  of  the  miners' 
union.     A  committee,  consisting  of  one  representative  of  each  of  the 
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local  mining  companies,  organized  the  day's  activities  and  secured  from 
the  employing  companies  $1500  the  first  year,  $2500  the  second  year, 
and  $3500  the  third.  A  program  of  outdoor  athletic  contests,  including  a 
first-aid  demonstration  of  forty  teams,  was  arranged.  All  the  mines 
were  idle  for  the  day,  two  brass  bands  were  procured,  and  everything 
was  free  to  the  public.  An  attendance  of  17,000  was  recorded  for  the 
field  day  of  1918, 25,000  for  that  of  1919,  and  18,000  for  1920.  The  drop 
in  attendance  in  the  last  year  was  caused  by  the  curtailment  of  mining 
in  the  Butte  district;  the  number  employed  by  the  Anaconda  Copper 
Mining  Co.  was  approximately  17,000  in  1918,  10,000  in  1919,  and  5000 
in  1920. 

Safety  Work  at  Smelters 

The  safety  work  at  the  smelters  is  of  a  somewhat  different  nature 
than  that  at  the  mines,  caused  principally  by  the  fact  that  there  is  more 
moving  machinery,  the  work  is  principally  done  in  a  different  light,  and 
the  accident  hazards  are  less  variable. 

Guarding  Machinery 

At  the  smelters,  one  of  the  first  steps  was  to  guard  all  machinery  and 
then  to  induce  the  men,  through  safety  propaganda,  committee  meetings, 
etc.,  to  use  the  guards  provided  and  to  exercise  caution  in  all  operations. 
For  several  months,  an  investigator  was  employed  to  survey  the 
smelter  plants  and  ascertain  what  safeguards  should  be  installed.  He 
made  more  than  200  recommendations  for  the  installation  of  safeguards, 
safety  placards,  etc.  at  the  Great  Falls  plant  during  the  first  three  months 
of  his  work.  One  of  these  recommendations  was  that  safety  committees, 
consisting  of  the  superintendent  and  foreman  of  each  department  and 
several  representatives  of  the  men,  be  organized,  the  employees  represen- 
tatives serving  for  a  limited  time  so  as  to  give,  ultimately,  all  the  men 
in  the  department  an  opportunity  to  serve  on  the  committee.  Reports  of 
the  minutes  of  these  committee  meetings  are  made  by  the  safety  engineer 
and  copies  sent  to  the  manager  and  to  the  chairman  of  the  Bureau  of 
Safety.  These  committee  meetings  have  been  very  successful  and  are 
held  regularly. 

Classification  at  Smelters 

At  the  smelters,  incapacitating  accidents  have  been  used  on  account 
of  the  difficulty  formerly  experienced  in  obtaining  accurate  hospital 
reports  of  the  length  of  disabihty;  but,  beginning  Jan.  1,  1921,  the  records 
have  been  changed  at  the  smelters  to  conform  to  those  of  the  mines,  in 
which  only  records  of  fatal  and  serious  accidents  are  made  for  publication 
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The  records  of  total  accidents  and  classification  of  total  accidents  are 
made  only  for  the  use  of  foremen,  safety  inspectors,  and  bosses,  as 
such  records  are  much  too  bulky  for  publication  in  a  periodical  the  size 
of  The  Anode. 

First  Aid  at  Smelters 

First-aid  work  at  the  smelters  has  not  been  given  as  much  attention 
as  at  the  mines,  as  an  emergency  hospital  in  charge  of  trained  nurses  is 
maintained.  These  nurses  answer  calls  at  all  hours  of  the  day  and  night 
and  can  reach  the  scene  of  an  accident  in  a  very  few  minutes.  However, 
there  are  always  some  first-aid  men  about  who  understand  how  to  check 
serious  hemorrhage  and  administer  artifical  respiration. 

The  treatment  given  injured  men  by  the  nurses  at  the  smelters  is,  of 
course,  supplemented  by  regular  hospital  treatment  when  the  case  is  of 
such  a  serious  nature  as  to  require  it. 

Costs 

The  costs  of  operation  of  the  Bureau  of  Safety  are  rather  difficult  to 
show  accurately  because,  while  the  cost  at  the  smelters  has  been  charged 
direct  to  safety,  that  in  the  mines  has,  to  a  great  extent,  been  absorbed  as 
general  operating  expense. 

Safety  Expenditubes  Including  all  Charges  against  Safety  First 

(General,) 
Bureau  op 
Year  Anaconda         Great  Falls      Butte  Mines  Safety  Total 

1914 $16,118.15  $3,997.69     $     1,812.41    $       715.65  $22,643.90 

1915 18,586.18  1,508.23  12,744.32  5,263.51  38,102.24 

1916 35,698.10  3,517.45  11,448.94  17,940.19  68,604.68 

1917 14,124.00  4,553.48  60,890.88  19,010.10  98,578.46 

1918 14,787.78  3,156.65  64,603.94  18,144.23  100,692.60 

1919 9,966.19  3,239.24  75,625.01  21,353.99  110,184.43 

1920 6,382 .  63  2,498 .  29  75,223 .  66  26,139 .  32  1 10,243 .  90 

Total $115,663.03     $22,471.03     $302,349.16    $108,566.99    $549,050.21 

This  total  of  $549,050.21  does  not  include  the  cost  of  such  items  as, 
off-setting  raises  and  manways,  boxing  all  trolley  wires,  isolating  and 
making  safe  underground  powder  magazines,  maintenance  of  escapeways, 
installation  of  grizzlies  and  guard  rails,  off-setting  ladders  and  providing 
safety  platforms  in  manways,  providing  safe  and  sanitary  toilet  and  drink- 
ing-water facilities  underground,  installing  safe  control  devices  on  hoist- 
ing engines,  inspections  of  shafts,  ropes  and  cages,  providing  heavier 
timber  for  floors,  chute  lining,  etc.,  guards  on  shop  machinery  at  Butte 
mines,  equipping  mine  cars  with  stop  blocks  to  prevent  their  coming 
back  on  the  dumper,  bonus  wages  for  firebugs  and  helmet  men  wages  of 
helmet  men  while  training,  etc. 
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Conclusion 

It  is  fortunate  that  the  originators  of  the  Bureau  of  Safety  did  not 
proceed  on  the  basis  of  cost  alone,  for  it  is  feared,  though  not  definitely 
known,  that  unless  the  value  of  safety  work  from  the  standpoint  of 
morale  is  considered,  the  balance  would  not;^  show  favorably.  •How- 
ever, it  can  be  definitely  stated  that  considering  costs  and  balancing 
against  them  all  the  various  values  and  advantages  of  the  safety  cam- 
paign, the  department  has  paid  immeasurably,  and  we  recommend  to 
anyone  desiring  to  go  into  the  safety  work  that  the  key  to  success  is 
sincerity  on  the  part  of  those  so  engaged;  not  from  a  purely  financial  stand- 
point but  rather  a  desire  to  alleviate  the  suffering  and  minimize  the  loss 
to  workmen  due  to  industrial  accidents. 
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Ventilation  of  Butte  Mines  of  Anaconda  Copper  Mining  Co. 

By  a.  S.  Richardson,*  E.  M.,  Butte,  Mont. 

(New  York  Meeting,  February,  1922) 

The  conditions  that  make  necessary  the  mechanical  ventilation  of  the 
Butte  mines  of  the  Anaconda  Copper  Mining  Co.  are  due  to  a  number  of 
causes,  all  of  which  are  incidental  to  the  depth  at  which  mining  operations 
are  now  carried  on.  The  main  object  to  be  accomplished,  of  course,  is 
the  reduction  of  the  temperature  and  humidity  of  the  air  in  the  working 
places.  Ventilation  fans,  both  surface  and  underground,  have  been 
used  for  many  years,  but  increasing  depth  has  made  the  problem  much 
more  difficult.  Further  improvement  in  both  ventilation  equipment 
and  methods,  therefore,  became  necessary;  and  it  is  the  purpose  of 
this  paper  to  describe  the  work  planned  and  done  under  the  improve- 
ment program. 

The  mines  of  the  district  have  been  frequently  described  in  various 
technical  publications,  so  a  description  is  unnecessary  here.  From 
a  mine-ventilation  viewpoint,  compared  with  coal-mine  ventilation 
systems,  the  problem  is  complicated  by  the  fact  that  the  workings  to  be 
ventilated  are  situated  on  a  large  number  of  steeply  dipping  veins  which 
frequently  intersect  and  are  faulted,  and  also  by  the  fact  that  the  extent, 
or  existence,  of  orebodies  is  not  definitely  known  in  advance  of  actual 
development  work.  For  these  reasons  ventilation  work  cannot  be 
planned  in  advance  of  actual  operations,  nor  can  such  regular  systems 
of  ventilation  as  are  used  in  working  the  more  uniform  and  continuous 
bodies  of  coal  be  developed. 

When  operations  are  conducted  at  a  normal  rate,  about  10,000 
miners  are  employed  on  two  shifts,  so  that  about  5000  men  will  be 
underground  at  one  time.  But  as  ventilation  is  necessary  to  reduce  high 
temperature  and  humidity  due,  mainly,  to  natural  causes,  the  quantity 
of  air  per  man  per  minute  is  not  a  governing  consideration  in  deter- 
mining ventilation  requirements.  Most  important  among  the  numerous 
sources  of  heat  and  humidity  in  the.  mines  are:  heat  generated  during 
decay  of  mine  timber;  heat  and  humidity  given  off  by  mine  rock  and 
water;  heat  generated  by  oxidation  of  sulfide  minerals;  heat  given  off  by 
electrical  equipment;  heat  generated  by  mine  fires  (in  certain  localities). 
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Heat  Generated  During  Decay  of  Mine  Timber 

The  heat  generated  during  the  decay  of  mine  timber  is  a  well-recog- 
nized factor.  Its  importance,  however,  is  often  underestimated  because 
the  temperature  increases  slowly  and  at  a  fairly  uniform  rate  throughout 
the  mines,  because  of  the  presence  of  timber  in  the  greater  part  of  the 
workings.  In  certain  places,  notably  in  old  workings  in  the  upper  levels 
where  there  is  no  air  circulation,  temperatures  greater  than  100"  F.  are 
found,  which  seem  to  be  due  to  this  cause  alone.  Approximately  100 
million  board  feet  of  timber  were  used  in  the  mines  during  the  year  1918, 
and,  the  writer  believes,  a  greater  heating  effect  is  due  to  the  decay  of 
this  timber  than  to  any  other  single  cause. 

The  process  by  which  this  heat  is  generated  is  often  spoken  of  as 
the  "oxidation  of  mine  timber."  In  downcast  shafts,  where  there  is  a 
rapid  movement  of  fresh  air  with  a  maximum  oxygen  content,  little  or 
no  diflficulty  is  experienced  from  the  decay  of  the  shaft  timbers.  The 
process  is  most  rapid  in  places  where  there  is  high  humidity  and  little 
air  movement,  and  in  the  air  courses  through  which  the  more  impure  air 
leaves  the  mines.  Although  absorption  of  oxygen  and  formation  of 
carbon  dioxide  occur,  the  term  oxidation  does  not  seem  appropriate  as 
the  presence  of  a  maximum  oxygen  content  in  fresh  air  does  not  exert 
an  active  influence.  In  fact,  the  heat  is  generated  during  bacteriological 
changes  attendant  on  organic  decay. 

Heat  and  Humidity  Given  Off  by  Mine  Water  and  Rock 

On  account  of  the  cooling  of  the  rock  by  ventilation,  it  is  difficult, 
if  not  impossible,  to  get  any  record  of  rock  temperatures  that  is  repre- 
sentative of  natural  conditions.  The  water  entering  the  drifts  first 
opened  in  developing  the  3200-ft.  level  of  the  Steward  mine  and  the 
3400-ft.  level  of  the  Original  mine,  generally  had  a  temperature  of  about 
104°  F.  (40"  C).  Ground  temperatures  in  a  vein  to  the  north  of  the 
Steward  shaft,  on  the  3800-ft.  level,  taken  by  inserting  a  thermometer 
into  drill  holes,  were  uniformly  close  to  110°  F.  (43.5°  C),  but  water 
flowing  from  this  vein  registered  113°  F.  (45°  C.).  The  rate  of  increase  in 
temperature  with  increase  in  depth  does  not  seem  to  be  constant  through- 
out the  district,  but  roughly  approximates  1°  F.  (0.55°  C.)  for  every  100 
ft.  (30.5  m.)  decrease  in  elevation. 

Heat  Generated  by  Oxidation  of  Sulfide  Minerals 

Oxidation  of  sulfide  minerals  has  greatest  effect  where  there  is  a 
circulation  of  air  through  dry  filling  in  old  stopes.  Velocity  of  air  move- 
ment may  run  as  high  as  400  ft.  per  min.,  and  temperatures  may  be  as 
high  as  100°  F.,  or  slightly  higher.     The  relative  importance  in  effect  on 
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mine  ventilation  is  hard  to  estimate.  In  some  mines,  it  is  practically 
impossible  to  prevent  such  a  circulation  in  certain  areas,  but  only  a  small 
number  of  working  places  are  affected. 

Heat  Given  Off  by  Electrical  Equipment 

Electrical  equipment  in  the  Butte  mines,  such  as  pump  and  fan 
motors,  consumes,  approximately,  7350  kw.  In  addition,  there  are  127 
haulage  motors,  each  of  20  hp.,  and  transformers  of  4500  kv.-a.  capacity. 
Assuming  80  per  cent,  efficiency  for  the  first  item,  500  hp.  effective  load 
and  50  per  cent,  efficiency  for  the  second  item,  and  97  per  cent,  efficiency 
for  the  third,  the  heat  dissipated  in  the  mine  amounts  to  85,000  B.t.u. 
per  min.     This  is  sufficient  to  heat  500,000  cu.  ft.  of  dry  air  by  13.7°  F. 

At  one  time  when  it  was  necessary  to  draw  air  from  the  downcast 
High  Ore  shaft  to  ventilate  a  pump  station,  the  air  being  returned  direct 
to  the  shaft,  sufficient  heat  was  given  off  by  the  pump  motors  to  raise 
the  temperature  of  the  whole  volume  of  shaft  air,  approximately  75,000 
cu.  ft.  per  min.,  12°  F.  There  are  three  main  pump  stations  at  the  High 
Ore  shaft  and  two  at  the  Leonard  shaft,  so  that  the  ventilation  of  both 
these  mines  is  subject  to  a  serious  handicap. 

Heat  Generated  by  Mine  Fires 

As  the  areas  in  which  ore  is  broken  are  some  distance  from  actual 
fire  zones,  the  temperature  and  humidity  of  the  air  in  the  working  places  • 
are  not  greatly  affected  by  heat  from  the  fires.  The  West  Colusa  mine, 
in  which  fire-filling  work  is  being  actively  carried  on,  maintains  one  of  the 
lowest  temperature  and  humidity  records  of  any  of  the  larger  copper 
mines  in  the  district.  The  highest  temperature  obtaining  in  any  of  the 
working  places,  other  than  those  used  for  fire  filling,  was,  in  February, 
1921,  76°  F.,  the  relative  humidity  being  86  per  cent.  The  average  of  all 
places  in  the  mine  was,  of  course,  considerably  lower. 

In  places  where  fire  filling  is  carried  on,  the  temperatures  are  generally 
higher.  Necessity  for  maintaining  air  pressures  that  will  not  force 
too  much  fresh  air  toward  the  fire,  and  that  will  at  the  same  time  assist 
in  controlling  the  escape  of  gas,  creates  a  separate  ventilation  problem. 

Quality  of  Mine  Air 

The  quality  of  the  air  in  the  Butte  mines  was  studied  in  1913  and 
1914  by  H.  M.  Wolflin,  then  with  the  U.  S.  Bureau  of  Mines.  A  sample 
of  air  leaving  the  Mountain  Con.  mine  through  the  Green  Mountain 
shaft,  analyzed  at  the  laboratories  of  the  Bureau,  showed  the  following 
composition:  CO2,  0.23  per  cent.;  O2,  20.2  per  cent.;  CO,  none;  CH4, 
none;  N,  79.57  per  cent.  A  sample  taken  on  the  1600-ft.  level  of  the 
Leonard  mine  at  the  East  Colusa  air  shaft,  representative  of  air  leaving 
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the  mine,  gave  the  following  analysis:  CO2,  0.09  per  cent.;  O2,  20.42  per 
cent.;  CO,  none;  CH4,  none;  N,  79.44  per  cent. 

In  the  working  places,  there  was  a  wider  variation  in  the  analyses 
of  the  air.  The  CO2  content  of  fifty-nine  samples  ranged  from  0.06 
to  0.60  per  cent,  in  a  stope  under  poor  ventilation  conditions;  the  average 
of  all  samples  being  0.20  per  cent.  The  average  oxygen  content  of  the 
same  samples  was  20.2  per  cent.  Composition  of  pure  air  is,  nominally, 
O2,  20.61  per  cent.;  N,  77.95  per  cent.;  CO2,  0.04  per  cent.;  moisture, 
1 . 4  per  cent.  Various  regulations  place  the  desirable  CO2  limit  at  from 
0.20  per  cent.,  for  both  factories  and  mines,  up  to  1.25  per  cent,  for 
coal  mines  in  Great  Britain. 

Results  obtained  by  various  investigators  indicate  that  the  bad 
effects  of  a  high  CO2  content  in  the  air  are  not  so  great  as  has  been 
generally  supposed,  provided  that  temperature,  humidity,  and  air-move- 
ment conditions  are  such  that  excessive  heat  is  removed  from  the  body. 
In  general,  the  air  in  the  Butte  mines  is  of  sufiiciently  good  quality,  and 
only  measures  for  the  reduction  of  temperature  and  humidity,  or  increase 
of  air  movement,  are  necessary. 

Surface  Air 

Surface  air  conditions,  as  regards  temperature  and  humidity,  are 
given  in  Table  1,  which  was  compiled  from  records  kept  by  E.  M.  Norris: 


Table  1. — Temperature  and  Humidity  of  Surface  Air 


Average  Temperatures 


Mean 

Average, 

Maximum    Minimum    Maximum 

and 

Minimum 


Average  Humidities 


Maximum  '  Minimum 


1919 

October 45.00 

November 37.00 

December 30.50 

1920 

January 38 .  10 

February 34.30 

March 38.80 

April 44.60 

May 58.90 

June 70.20 

July 83.90 

August 79.70 

September 68.90 

Year  average 52. 40 


25.10 

17.40 

3.00 

14.60 
11.40 
17.60 
26.60 
34.90 
42.80 
51.90 
49.10 
41.30 
27.90 


35.05 
27.30 
16.75 

26.35 
27.85 
28.20 
35.60 
46.90 
56.50 
67.90 
64.40 
55.10 
40.15 


70.00 
82.10 

85.00 
81.50 
84.40 
83.80 
87.10 
85.00 
62.50 
51.80 
54.70 
75.20 


49.20 
71.40 

67.80 
63.10 
64.20 
61.70 
71.80 
64.70 
37.00 
27.60 
27.30 
54.40 


Mean 

Average, 

Maximum 

and 
Minimum 


59.60 
76.70 

76.40 
72.30 
74.20 
72.70 
79.40 
74.80 
49.70 
39.70 
41.00 
04.80 
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According  to  this  table  the  average  surface  temperature,  the  year 
round,  is  about  40°  F.,  and  the  relative  humidity  at  that  temperature  is 
about  65  per  cent.  The  true  significance  of  this  condition  is  not  realized, 
however,  until  the  moisture  content  of  the  air  is  taken  into  consideration. 
At  the  given  temperature  and  relative  humidity,  there  are  only  1.8  gr. 
per  cu.  ft.  of  air,  which  is  equivalent,  approximately,  to  the  moisture 
content  of  air  at  60°  F.  of  only  30  per  cent,  relative  humidity. 

Rise  in  Temperature  and  Humidity  in  Downcast  Shafts 

The  low  moisture  content  of  the  air  is  of  greatest  importance  because 
it  has  a  high  evaporative  effect  when  raised  to  higher  temperatures 
within  the  mines.  A  good  illustration  of  this  is  brought  out  by  noting 
the  changes  in  the  condition  of  the  air  as  it  passes  through  the  down- 
cast shafts. 


Table 

2. — Rise  in  Temperature  and  Humidity  in  S 

hafts 

rkeley  Shj 

Mountain  Con. 

Shaft 

Never  Sweat  Shaft 

Be 

ift 

Level 

Tempera- 
ture, 
Degrees 

'  Humid- 

Per 
Cent. 

Mois- 
ture, 
Gr.  per 
Cu.  Ft. 

Tempera- 
ature, 
Degrees 

Humid- 
ity, 
Per 
Cent. 

Mois- 
ture, 
Gr.  per 
Cu.  Ft. 

Tempera- 
ture, 
Degrees 
F. 

Humid- 
ity. 
Per 
Cent. 

Mois- 
ture. 
Gr.  per 
Cu.  Ft. 

Surface. . . 

29 

67 

1.40 

23 

87       '     1.20 

32 

79 

1.500 

200 

31 

'       67 

1.50 

38         1       74 

2.00 

400 

34 

63 

1.60 

41                75 

2.20 

600 

36 

63 

1.70 

44                 77 

2.40 

800 

38 

68 

1.90 

41 

60 

1.80 

46                 72 

2.50 

1000 

41 

75 

2.10 

43 

64 

2.00 

47                 72 

2.60 

1200 

43 

78 

2.40 

44 

64            2.00 

51                 61 

2.60 

1400 

47 

'       78 

2.70 

51 

80            3. 30 

53                63 

2.80 

1500 

55                 65 

3.20 

1600 

49 

[       80 

3.10 

50 

67            2. 80 

1800 

52 

1        87 

3.50 

54 

88            4.10 

2000 

54 

76 

3.50 

53 

70            3.20 

2200 

56 

70 

3.50 

52 

74             3.20 

2400 

60 

'       68 

i 

4.00 

61 

68             4,00 

' 

According  to  Table  2,  in  passing  from  the  surface  to  the  2400-ft. 
level,  the  air  has  picked  up  2600  gr.  of  moisture  per  1000  cu.  ft.  The 
cooling  effect  due  to  the  evaporation  of  this  quantity  of  water  is  suffi- 
cient to  lower  the  temperature  of  the  whole  volume  of  air  and  vapor  by 
22°  F.,  though  the  fact  is  not  directly  noticeable  because  the  heat  given 
off  by  the  rock  surrounding  these  long  air  courses  has  more  than  offset 
the  lowering  of  temperature  due  to  evaporation. 


Mine  Resistance 

The  general  subjects  of  mine  resistance  and  coefficients  of  frictional 
resistance  to  the  flow  of  air  have  been  quite  fully  discussed,  but  wide 
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variations  occur  in  the  figures  given.  By  far  the  greater  part  of  the 
determinations  were  made  in  coal  mines,  and  almost  nothing  was  avail- 
able that  had  any  bearing  on  the  resistance  of  such  entirely  dissimilar 
workings  as  are  found  in  metal  mines.  For  these  reasons,  it  seemed 
advisable  to  get  more  accurate  information  in  regard  to  the  mines  directly 
affected  by  the  work  to  be  done,  so  resistance  determinations  were  made 
of  all  important  types  of  air  courses. 

In  carrying  out  this  work,  the  instruments  used  were:  An  inclined 
U-tube  gage,  supported  on  a  transit  head  and  so  mounted  that  simple 
relations  of  gage  readings  to  vertical  head  could  be  obtained  up  to  the 
proportion  of  40  to  1;  various  types  of  Pitot  tubes;  anemometers;  and 
special  orifices  for  recording  static  pressure.  Of  the  types  of  Pitot  tubes 
that  were  tested,  that  which  seemed  to  give  the  best  results  was  one  in 
which  the  static  pressure  is  admitted  through  a  number  of  small  holes  on 
a  circumference  of  the  tube  in  a  plane  perpendicular  to  the  direction  of 
flow  of  the  air.  The  special  static  orifices  were  made  by  piercing  a  pipe 
cap  with  3'^2-iii-  holes,  and  enclosing  the  whole  cap  in  a  chamber  to  which 
the  static  pressure  is  admitted  through  a  brass  gauze.  Pitot  tubes  with 
small  static  orifices  are  of  no  use  in  wet  shafts,  or  drifts,  because  the  water 
will  clog  these  small  holes. 

In  practice,  the  static  orifices  were  placed  at  measured  distances 
apart  in  the  shaft,  drift,  or  crosscut,  where  the  determination  was  to  be 
made  and  were  then  connected  by  air-tight  tube  or  hose  to  the  U  gage 
on  which  the  difference  in  static  pressure  was  to  be  noted.  Velocity 
readings  were  then  made  with  both  Pitot  tube  and  anemometer,  and 
friction  coefficients  figured  from  the  data  obtained.  For  this  purpose  it 
was,  of  course,  necessary  to  use  workings  in  which  there  was  a  high 
velocity  of  air  movement. 

The  coefficient  K,  which  expresses,  in  pounds  per  square  foot,  the 
pressure  necessary  to  overcome  the  resistance  offered  by  1  sq.  ft.  of  rub- 
bing surface  at  an  air  velocity  of  1  ft.  per  min.,  as  thus  determined,  is 
given  for  the  following  types  of  mine  workings.  In  all  cases,  the  area 
used  in  making  the  calculations  was  the  clear  area  of  the  air  course 
inside  main  timber,  and  the  rubbing  surface  was  assumed  to  be  that  which 
encloses  the  clear  area. 

For  rectangular  shafts  of  two  or  more  compartment's  with  open  timber 
framing,  from  0.000,000,0072  up  to  0.000,000,0096;  variations  are 
dependent  mainly  on  the  condition  of  the  timber,  such  as  lagging. 

For  rectangular  shafts  in  which  each  compartment  is  a  separate 
smooth-surfaced  duct,  from  0.000,000,0014  up  to  0,000,000,0023. 

For  timbered  drifts  and  crosscuts,  about  5  by  7  ft.  in  the  clear,  from 
0.000,000,0077  up  to  0.000,000,0109;  variations  are  dependent  on 
whether  the  air  course  is  straight  or  crooked. 

For  untimbered  crosscuts,  from  0.000,000,0031  up  to  0.000,000,0044; 
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variations  in  this  case  are  also  dependent  on  whether  the  crosscut  is 
straight  or  crooked. 

For  the  manway  compartment  of  raises,  almost  any  figure  from  0.000,- 
000,025  upward  may  be  obtained,  dependent  on  the  condition  of  the  raise. 

These  figures  are  based  on  gage  readings  that  ranged  from  3  to  15  in. 
(76.2  to  380.9  mm.)  and  are  believed  to  be  fairly  accurate,  considering 
the  limitations  of  the  instruments  used  and  the  character  of  the  problem. 
It  was  possible  to  note'  the  variations  in  resistance  caused  by  the  pas- 
sage of  a  cage  through  the  section  of  the  shaft  upon  which  the  deter- 
mination was  made,  also  by  a  man  standing  and  walking  in  opposite 
directions  in  a  drift  and  by  a  mine  car  standing  in  a  crosscut,  the  last 
being  equal  to  about  40  ft.  of  the  crosscut. 

Nevertheless,  as  all  determinations  made  with  either  Pitot  tube  or 
anemometer  depend  for  their  accuracy  on  the  assumption  that  the  flow  of 
air  takes  place  in  straight  lines  normal  to  the  plane  in  which  the  instru- 
ment is  held,  serious  inaccuracies  must  occur  because  this  assumption  is 
unwarranted  by  fact.  Obstructions,  such  as  mine  timber,  changes  of 
direction  of  air  courses,  and  similar  influences  produce  a  swirling,  or 
eddying,  motion  of  the  air,  which  varies  both  in  direction  and  velocity  at 
all  points  across  a  given  plane.  Nothing  beyond  an  approximation  in 
measurement  is,  therefore,  possible,  and  accuracy  is  in  the  greatest  degree 
dependent  on  the  care  used  in  making  it. 

The  coeflicients  that  have  been  given  are,  therefore,  nothing  more 
than  approximations,  and  must  be  so  considered.  Further,  other  condi- 
tions, such  as  local  restrictions  of  clear  area  of  workings  and  abrupt 
turns  in  main  air  courses,  may  have  such  a  bearing  on  mine  resistance 
that  the  use  of  calculations  based  on  friction  coefficients  must  be  governed 
by  careful  judgment. 

Smooth-surfacing  of  Air  Shafts 

An  analysis  of  the  component  parts  that  made  up  the  total  resistance 
to  the  flow  of  air  that  was  offered  by  the  mine  workings  showed  that  the 
greater  part  of  this  resistance  arises  in  the  shafts.  The  reason  for  this  is 
that  the  air  must  travel  over  5000  ft.  vertically,  downwards  and  upwards, 
and  only  a  small  part  of  this  distance  horizontally,  the  latter  averaging 
not  much  more  than  1000  ft.  All  of  the  air  must  necessarily  pass  through 
the  shafts,  so  that  the  velocities  are  high,  and  as  the  resistance  varies  with 
the  square  of  the  velocity,  the  resistance  per  unit  of  shaft  length  will  be 
correspondingly  high.  During  its  horizontal  travel  through  crosscuts  and 
drifts  and  vertically  through  stopes,  the  air  is  split  into  smaller  volumes  so 
that  velocity  of  movement  is  slower  and  the  resistance  relatively  slight. 

Increasing  the  volume  of  air  circulated  through  the  mines  without 
the  use  of  an  excessively  large  amount  of  power,  or  the  expenditure  of 
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large  sujii.s  ut"  Dione}-  for  additional  air  shafts  was,  therefore,  dependent 
on  the  reduction  of  the  resistance  of  the  shafts.  The  determinations  of 
coefficients  of  frictional  resistance  indicated  that  the  resistance  of  shafts 
with  open  timber  framing  might  be  greatly  reduced  by  enclosing  each 
compartment  so  that  it  would  become  a  separate  smooth-surfaced  duct, 
and  thus  developed  a  method  of  accomplishing  the  desired  result  in  an 
economical  manner. 

In  order  to  develop  fully  the  benefit  that  might  be  derived  in  this 
way  it  was  decided,  in  December,  1916,  to  experiment  with  the  Parnell 
shaft,  which  is  an  upcast  air  shaft  used  for  the  ventilation  of  parts  of  both 


Fig.  1. — Concrete  slabs  and  angular  pieces  for  smooth-surfacing  air  shafts 


High  Ore  and  Diamond  mines.  This  shaft  has  one  compartment  7  by 
5  ft.  (2  by  1.5  m.)  in  the  clear,  and  two  compartments  5  bj'  5  ft.,  making  a 
total  clear  area  of  85  sq.  ft.  (7.9  sq.  m.).  It  extends  from  the  surface  to 
the  2800-ft.  level,  and  can  be  opened  to  permit  the  inflow  of  air  at  all 
stations  below  the  1000-ft.  level. 

To  handle  the  increased  volume  of  air  that  it  was  estimated  would 
be  obtained,  the  shaft  was  equipped  with  a  new  and  larger  fan,  which  was 
put  into  operation  before  any  work  was  done  toward  smooth-surfacing  the 
compartments.  The  results  obtained  before  and  after  carrying  out  this 
work,  with  the  fan  running  at  the  same  rate  of  speed,  and  with  other 
mine  conditions  essentially  the  same,  are  as  follows: 
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Volume  of  air,  in  cubic  feet  per  minute. 
Fan  suction  in  inches  of  water 


BSFOBE    SUBPACING 

135,000 
3.6 


Aftek  Sdefacino 

260,000 

3.4 


These  results  show  that  by  smooth-surfacing  all  air  shafts  and  pro- 
viding adequate  fan  equipment,  the  volume  of  air  circulated  through 
the  mines  could  be  practically  doubled.     The  air-carrying  capacity  of 


Fig.  2. — Conckete  slabs  and  angular  pieces  in  position  on  shaft  timbers, 
but  not  "pointed-up"  with  mortar.  angular  pieces  are  necessary  to  form 
support  for  slabs,  as  tops  of  wall  and  jend  plates  are  cut  away  by  falling  rock. 

more  than  twenty  air  shafts  was  thereby  affected^  and,  to  that  extent,  a 
saving  equivalent  to  opening  that  additional  number  of  shafts  could  be 
accomplished.  It  was  decided,  therefore,  to  proceed  with  this  work, 
and  an  entire  new  equipment  of  fans  was  ordered. 
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Originally,  it  was  intended  to  do  the  smooth-surfacing  with  1-in. 
sheeting,  surfaced  on  one  side,  but  later,  in  accordance  with  the  gen- 
eral fireproofing  plans,  it  was  decided  to  use  concrete  flat  slabs  and 
angular  pieces,  precast  at  the  surface  and  held  in  position  on  the  shaft 
timbers  by  wedges  and  cement  mortar.  The  essential  features  of  both 
slabs  and  angular  pieces,  as  well  as  their  positions  in  relation  to  the  shaft 
timbers,  are  shown  in  Figs.  1,  2,  and  3.  The  wooden  wedges  serve, 
mainly,  to  hold  the  slabs  in  position  until  the  mortar  sets.  In  shafts 
surfaced  with  sheeting  nailed  to  the  face  of  the  shaft  timbers,  the  nails 
are  destroyed  by  copper  water  so  that  often  the  sheeting  falls  across  the 
shaft  and  obstructs  the  flow  of  air.  As  no  metal  is  used  in  fastening  the 
concrete  slabs  in  position,  this  danger  has  been  eliminated.  Both  slabs 
and  angular  pieces  are  manufactured  at  a  small  plant  that  was  originally 
built  for  smooth  surfacing  the  Parnell  shaft. 


Fig.  3. — St.  Lawrence  Yard  shaft  before  and  after  smooth-surfacing  with 

concrete  slabs. 


Two  men  working  together  on  one  scaffold  will  set  in  position  the 
material  to  surface  from  10  to  30  ft.  of  one  shaft  compartment  in  an  8-hr. 
shift,  dependent  on  shaft  conditions;  whenever  possible  two  scaffolds  are 
used.  One  station  tender  and  one  surface  laborer  to  mix  mortar  and 
move  materials  are  required  to  keep  the  four  men  on  the  scaffolds  supplied 
with  materials.  Since  the  summer  of  1918,  many  thousands  of  concrete 
pieces  have  been  made  at  the  Parnell  plant;  six  air  shafts  have  been 
smooth-surfaced,  and  work  on  four  more  has  been  undertaken.  No 
renewals  or  repairs  to  the  work  have  so  far  been  necessary. 

A  number  of  air  shafts  have  wooden  water  boxes,  which  obstructed 
the  flow  of  air  because  they  were  supported  by  bearing  pieces 
that  extended  from  one  side  of  the  shaft  to  the  other.  The  highly  acid 
copper  water  constantly  destroyed  the  nails  and  repair  costs  were  high. 
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Some  water  carries  considerable  iron  salt,  which  coats  the  sides  of  the 
boxes  and  rapidly  reduces  their  carrying  capacity,  and  is  removed  only 
with  difficulty. 

To  eliminate  the  resistance  to  the  flow  of  air  caused  by  the  bearers,  and 
the  destructive  action  of  the  copper  water, 
as  well  as  to  reduce  the  difficulties  of 
removing  the  iron  precipitate,  a  triangular 
concrete  water  box  that  fits  into  the 
corner  of  a  shaft  compartment  was  made. 
On  account  of  photographic  difficulties  it 
was  not  possible  to  get  a  photograph  of 
the  box  in  place  in  a  shaft,  so  a  framing 
was  erected  to  represent  similar  con- 
ditions, and  to  illustrate  the  manner  of 
supporting  the  boxes.  The  upper  box 
shown.  Fig.  4,  is  cast  with  extension  sup- 
ports, which  are  a  part  of  the  box.  The 
lower  box  is  supported  by  a  flange  bearing 
on  a  separate  bracket;  this  is  the  type 
used  in  combination  with  the  concrete 
slabs.  Each  box  fits  loosely  into  the  box 
below,  and  may  be  removed  by  simply 
lifting  it  off  its  support  and  then  lowering 
it  clear  of  the  box  below.  In  service 
these  boxes  have  lasted  several  times  as 
long  as  the  wooden  boxes  and  show  no 
signs  of  deterioration. 

Connections  from  air  shafts  to  surface 
fans  are  made  through  concrete  ducts  that 
open  into  the  shafts  through  either  wall 
or  end  timber  framing,  thus  leaving  all 
compartments  open  at  the  collar  and 
directly  accessible  for  use  in  case  of 
necessity.  All  surface  fans,  with  three 
exceptions,  are  reversible,  and  are  oper- 
ated as  exhaust  fans  to  develop  a  vacuum 
system  of  ventilation.  The  working 
shafts,  through  which  men  are  lowered 
and  hoisted,  are  the  main  inlet  air  courses 
and  will,  therefore,  remain  clear  of  smoke 
in  case  of  any  fire  occurring  within  the 
mine.  Not  only  is  a  safer  exit  from  the 
mine  assured  by  this  method  of  ventilation,  but  cables,  skips,  and  cages 
are  not  subjected  to  the  destructive  action  of  the  acid-laden  moisture 


Fig.  4. — Concrete  water 
boxes  for  air  shafts,  which 
fit  into  corner  of  shaft  com- 
partment and  offer  minimum 
resistance  to  flow  of  air. 
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Fig.  5. — Fan  at  collar  of  Green  Mountain  shaft. 


Fig.  b. — Fan  at  \Yest  Colusa  mine.     Air  can  be  drawn  through  either,  or 

BOTH,    OF   TWO    SEPARATE    AIR    COURSES. 
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precipitated  during  the  cooling  of  exhaust  mine  air,  and  working"con- 
ditions  on  the  stations  are  greatly  improved. 

Table  3. — Volume  of  Air  in  Circulation  in  Different  Mines 


Shaft 


Volumes  of  Air  in  Cubic  Feet  per  Minute 


Old 


Estimated         Present 


Remarks 


Emily 

Moose 

Cora 

East  Gray  Rock 

Green  Mountain 

Pamell 

Mat 

East  Steward 

Parrot 

West  Gagnon 

East  End  Line 

St.  Lawrence  Yard 

Molly  Murphy 

Anaconda 

Never  Sweat 

Ramsdell  Parrot 

Mountain  View  raises,  No. 

116 

Mountain  View  raises,  No. 

270 

West  Colusa  air  raises 

East  Colusa  air  shaft 

Mitchell 

Liquidator 

Tramway  No.  4  shaft 

Pennsylvania  air  shaft 

Silver  Bow,  No.  1 

Silver  Bow,  No.  2 

Silver  Bow,  No.  3 

Snohomish 

Nettie,  No.  3 

Emma 

Josephine 

Tropic 

Poulin 

Alice 

Total  air 


35,000 

40,000 
83,000 
37,000 
65,000 

130,000 
40,000 
38,000 
54,000 

100,000 
60,000 
95,000 
25,000 
35,000 
30,000 


60,000  I 
100,000 
150,000 

60,000 
150,000 
260,000 

70,000 

38,000 
200,000 
175,000 

60,000 
100,000 
100,000 

60.000 


47,000 
65,000 
47,000 
45,000 

60,000 
75,000 
35,000 


43,000 
28,000 
20,000 

20,000 
30,000 
30,000 


70,000 
1.50,000 
125,000 
125,000 
250,000 
125,000 
200,000 

60,000 
70,000 
60,000 
40,000 
60,000 
30,000 
20,000 
30,000 
30,000 


45,000 

100,000 

83,000 

45,000 

180,000 

260,000 

30,000 

38,000 

180,000 

80,000 

60,000 

120,000 

125,000 

35,000 


100,000        110,000 


46,000         70,000         75,000 


80,000 

120,000 

85,000 

40,000 

70,000 
75,000 

80,000 
50,000 
70,000 
55,000 
70,000 
30,000 
20,000 
30,000 
30,000 


Work  incomplete 
Work  incomplete 
Work  incomplete 
Work  incomplete 


Work  incomplete 

Work  incomplete 
Work  incomplete 


Work  incomplete 
Work  incomplete 
Changed  to  downcast 


Work  incomplete 
Work  incomplete 
Abandoned 
Work  incomplete 
Work  incomplete 
Work  incomplete 
Changed  to  downcast 
Work  incomplete 
Work  incomplete 


Total  motor  horsepower.  . 


1,463,000    3,198,000    2,481,000 
2,175  3,820 


Table  3  shows  the  volume  of  air  circulated  by  the  old  surface  fans 
before  any  of  the  work  contemplated  under  the  present  improvement 
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program  had  been  done,  together  with  the  volume  it  is  estimated  will  be 
circulated  when  the  work  is  complete,  and  the  results  obtained  up  to  the 
time  of  writing. 

Distribution  of  Air 

The  success  of  a  ventilation  system  depends  very  much  on  the  proper 
regulation  of  the  air  distribution;  and  as  the  location  of  operations  is 
constantly  changing,  this  is  not  always  easy  to  work  out  to  best  advantage. 


Fig.  7. — Sheet-steel  door  with  concrete  frame  used  at  inter-mine  connec- 
tions;   CAN  be   opened   from   EITHER   SIDE. 

In  the  Butte  mines,  with  their  complex  systems  of  veins  and  faults,  it  is 
necessary  to  provide  for  the  ventilation  of  working  places  that  are  widely 
scattered  both  as  to  elevation  and  situation  on  different  veins.  In  one 
mine,  work  is  being  carried  on  from  the  800-ft.  to  the  3800-ft.  levels,  in  all 
directions  from  the  downcast  working  shaft.  The  developments  of  each 
day  become  the  ventilation  problem  of  the  near  future,  and  all  plans  are 
governed  by  the  immediate  necessity. 

Control  of  the  air  in  its  flow  through  the  mines  depends,  mainly,  on 
the  use  of  ventilation  doors,  which  prevent  circulation  along  lines  of  least 
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resistance,  leaving  as  dead  ends  many  places  where  ventilation  is  mo.st 
necessary.  Auxiliary  to  the  use  of  doors,  and  as  an  effective  means  of 
creating  circulation  on  the  lower  levels,  are  the  so-called  "booster"  fans, 
which  are  generally  installed  near  the  bottom  of  both  downcast  and  upcast 
shafts.  The  fans  at  the  bottom  of  the  downcast  shafts  force  the  air  from 
the  shaft  into  the  lower  levels,  where  it  is  generally  most  needed,  while 
those  at  the  bottom  of  the  upcast  shafts  collect  the  air  from  the  mine  and 
help  to  boost  it  up  the  shaft. 

As  service  requirements  vary  at  different  places,  a  number  of  different 
ventilation  doors  are  used  in  the  Butte  mines.  At  intermine  connections 
the  standard  type,  shown  in  Fig.  7,  is  one  in  which  the  frame  is  made  of 


Fig.  S. — Wooden   doors   used  on 

MOTOR  HAULAGEWAYS.  WhEN  RE- 
LEASED FROM  LATCH,  DOOR  IS  PULLED 
OPEN   BY    COUNTERWEIGHT. 


Fig.   9. — The    '  Te  xxsylvani a' 

DOOR. 


concrete  while  the  door  itself  is  made  of  sheet  steel.  The  latches  are  con- 
nected to  operating  levers  on  both  sides  of  the  door  so  that  it  can  be 
opened  from  either  side. 

On  motor  haulageways,  where  there  is  a  heavy  air  pressure,  the  com- 
mon type  is  a  single  door,  Fig.  8,  counterbalanced  by  a  weight  and  fastened 
positively  by  a  latch,  which  can  be  operated  by  pulling  a  rope  carried 
along  the  side  of  the  crosscut  for  the  convenience  of  motormen.  Two 
doors,  spaced  about  100  ft.  (30.5  m.)  apart,  are  used  to  form  an  air  lock 
sufficiently  long  to  accommodate  a  train  of  ore  cars. 
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Another  tjpe  used  on  motor  haulageways,  termed,  locally,  the  "Penn- 
sylvania" door,  Fig.  9,  is  a  set  of  heavy  double  doors  hung  from  inclined 
posts,  which  tend  to  close  as  the  weight  of  each  door  causes  it  to  swing 
downwards  and  toward  the  center.  This  door  is  practically  indestruc- 
tible as  the  impact  of  a  motor  merely  serves  to  open  it,  no  matter  in  which 
direction  the  motor  may  be  traveling.  Unfortunately,  a  great  deal  of 
air  leaks  through  and  under  heavy  air  pressure  it  .is  almost  impossible  to 
prevent  the  doors  from  swinging  open  under  surges  in  the  air  pressure. 


Fig.  10. — Trap  door  at  head  of 
manway  to  block  flow  of  air 
through  stope  where  not  needed. 


Fig.  11. — Grizzlies  and  latticed 

DOOR  designed  TO  OFFER  MINIMUM 
resistance  TO  FLOW  OF  AIR  THROUGH 
RAISE. 


Ventilation  doors  used  on  levels  that  are  not  haulageways  are  gen- 
erally of  the  tj^pe  first  mentioned,  except  that  the  rope  tackle  is  omitted. 
Openings  in  the  doors,  covered  by  a  movable  sUde,  are  used  when 
regulators  are  required. 

To  regulate  the  distribution  of  air  from  the  sill  into  different  stopes 
manway  brattices  are  used  at  the  bottom  of  manways  leading  to  square- 
set  stopes,  while  at  other  places  a  solid  trap  door  may  be  used  at  the 
head  of  the  manway,  as  shown  in  Fig.  10.  Where  a  large  volume  of  air 
is  to  be  passed  through  a  raise,  protection  may  be  retained  and  resistance 
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reduced  to  a  minimum  by  the  use  of  grizzlies  made  of  rails  and  a  latticed 
door  at  the  head  of  the  manway,  as  shown  in  Fig.  11. 

The  volumes  of  air  handled  by  the  booster  fans  range  from  30,000  to 
70,000  cu.  ft.  per  min.,  and  the  resistance  measures  from  1  to  3)-^  in.  of 
water.  All  of  these  fans  are  belt  driven  by  motors  of  from  30  to  100  hp. 
A  typical  installation  is  shown  in  Fig.  12.  Table  4  shows  the  location 
of  present  booster  installations,  and  also  the  motor  horsepower  and 
volumes  of  air  circulated  by  the  fans. 


Fig.  12. — Booster  fan  on  2800-ft.  level  of  High  Ore  mine. 


Table  4. — Booster  Installations 


Location 


Fan 


2000  West  Gagnon No.  11  Sirocco 

2800  West  Gagnon No.  11  Sirocco 

3400  Original No.  11  Sirocco 

3200  Steward No.  11  Sirocco 

2800  Diamond No.  11  Sirocco 

2800  High  Ore No.  11  Sirocco 

2800  Belmont 66-in.  Jeffrey 

1500  Berkeley No.  11  Sirocco 

1000  Berkeley No.  8  Sirocco 

2200  Tramway 66-in.  Jeffrey 

1700  Tramway 66-in.  Jeffrey 

1400  Tramway 60-in.  Buffalo 

Total 


Motor 

Volume  of  Air 

Horsepower 

in  Cubic  Feet 

75 

50,000 

75 

70,000 

75 

70,000 

75 

60,000 

100 

60,000 

75 

60,000 

75 

75,000 

75 

65,000 

30 

35,000 

75 

70,000 

75 

70,000 

50 

50,000 

855 

735,000 

VOL.  LXVIII. 4 


50  ventilation  of  butte  mines  of  a.  c.  m.  co. 

Ventilation  of  Dead  Ends 

In  confined  places,  such  as  dead  ends  on  crosscuts,  drifts,  or  raises, 
the  heat  generated  by  blasting  and  lights  and  that  given  off  by  men's 
bodies  raise  the  temperature  of  the  air.  Ventilation  of  such  places  is 
necessary  to  drive  out  powder  smoke  and  maintain  a  supply  of  good 
air  and  to  reduce  temperature  and  humidity.  For  this  service  small 
blowers  are  used  to  force  fresh  air  from  the  nearest  source  of  supply, 
through  canvas  pipes,  to  the  working  face. 

Standardization  of  equipment  has  led  to  the  selection  of  the  following 
pipe  sizes:  For  the  ventilation  of  raises,  where  the  space  available  for 
pipe  is  small  and  where  the  length  of  pipe  is  not  over  250  ft.  (76  m.), 
8-in.  (203  mm.)  diameter  pipe;  for  crosscuts  and  drifts,  where  the 
length  of  pipe  is  not  greater  than  500  ft.,  12-in.  pipe;  for  places  where 
the  length  of  pipe  is  greater  than  500  ft.  and  to  carry  air  into  stopes,  16- 
in.  pipe.  The  blower  equipment  for  use  with  these  pipes  is:  For  8-in. 
pipe,  No.  23^^^  Sirocco,  wheel  one-third  width  of  standard  wheel,  direct 
connected  to  3-hp.,  a.c.  motor;  for  12-in.  pipe.  No.  23^^  Sirocco,  wheel 
two-thirds  width  of  standard  wheel,  direct  connected  to  5-hp.  a.c.  motor; 
for  16-in.  pipe.  No.  4  Sirocco,  wheel  one-half  width  of  standard  wheel, 
direct  connected  to  10-hp.  a.c.  motor. 

Selection  of  blowers  was  governed  by  the  fact  that,  within  certain 
limits,  the  pressure  exerted  by  a  blower  to  force  air  through  the  pipe  is  a 
function  of  the  rim  speed  of  the  wheel,  while  the  volume  of  air  delivered 
against  a  given  pressure  is  dependent  on  the  width  of  the  wheel.  Under  a 
given  pressure,  a  canvas  pipe  will  carry  only  a  limited  quantity  of  air. 
The  problem  then  is  to  proportion  the  width  of  blower  wheel  so  as  to 
obtain  maximum  efiiciencj^,  considering  the  volume  of  air  that  the  pipe 
will  carry  at  the  pressure  developed  by  the  blower  when  running  at 
constant  motor  speed.  Power  required  to  drive  the  blower,  running  at 
constant  speed,  decreases  with  each  additional  length  of  pipe  added,  or 
increase  in  resistance  to  the  flow  of  air  and  increases  to  a  maximum  when 
there  is  no  pipe  in  place.  Obviously,  when  the  wheel  is  unnecessarily 
wide  and  the  pipe  does  not  carry  all  the  air  that  the  blower  is  designed  to 
deliver  at  the  pressure  developed,  there  is  an  excessive  consumption 
of  power.  In  case  the  pipe  should  accidentally  be  torn  off  the  blower 
and  the  overload  release  does  not  act,  an  unnecessarily  large  motor  has 
to  be  provided  in  order  to  avoid  burning  up  the  motor,  possibly  starting 
a  mine  fire. 

The  combinations  of  blowers  and  pipes  that  have  been  mentioned  are 
designed  to  give  air  velocities  of  2000  ft.  per  min.  (609.6  m.)  at  the  pipe 
ends  under  reasonably  good  pipe  conditions.  Effectiveness  of  the  equip- 
ment is,  however,  in  the  greatest  degree  dependent  on  the  manner  in 
which  the  canvas  pipe  is  installed  and  maintained  in  good  repair.     No 
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canvas  pipe  that  is  pulled  around  a  cap  or  post,  and  thereby  had  its 
clear  area  reduced  to  about  10  per  cent,  of  the  nominal  clear  area,  will 
deliver  much  air  at  the  end  of  the  pipe;  and  a  number  of  kinks  produce 
much  the  same  effect.  Under  these  circumstances,  the  natural  tendency 
is  to  blame  the  blower  equipment;  but  when  it  is  remembered  that 
increase  in  volume  will  vary  only  as  the  square  root  of  the  pressures 
developed  by  the  blowers  it  must  be  evident  that  little  is  to  be  gained 
by  extra  heavy  pressures. 

Where  pipe  lines  are  exceptionally  long  and  correspondingly  high 
resistance  is  offered  to  the  flow  of  air,  it  is  the  practice  to  use  two  or  more 
blowers,  connected  in  series,  at  suitable  positions  along  the  pipe  line. 
Under  normal  operating  conditions  about  300  blowers  will  be  in  use. 

Ventilation  Records  and  Maps 

Inspection  of  ventilation  conditions,  together  with  the  duty  of  making 
recommendations  for  their  improvement,  is  entrusted  to  a  ventilation 
and  safety  engineer  at  each  mine.  He  is  employed  under  the  direction 
of  the  mine  foreman,  but  acts  in  ventilation  work  in  cooperation  with 
the  ventilation  engineer.  Repairs  and  renewals  of  canvas  pipe  and 
blowers,  and  the  installation  of  doors,  or  other  details  necessary  to  carry 
out  the  ventilation  system,  are  made  on  his  recommendation  to  the  mine 
foreman.  Monthly  reports  made  to  the  ventilation  engineer  include: 
A  record  of  the  temperature  and  humidity  of  the  air  at  every  working 
place  in  the  mine;  the  conditions  existing  at  all  places  ventilated  by 
blowers  and  canvas  pipe,  with  a  description  of  the  equipment  used  and 
its  state  of  repair;  recommendations  in  regard  to  improvements  or  other 
matters  needing  attention. 

Details  of  air  distribution  are,  of  course,  subject  to  frequent  change 
because  every  raise  that  is  holed  will  affect  the  flow  of  air  on  the  levels  to 
which  it  is  connected,  and  also  because  the  location  of  working  places  is 
constantly  changing.  Ventilation  records  and  maps,  therefore,  must 
be  adapted  to  meet  these  conditions  without  requiring  an  unduly  large 
amount  of  work. 

The  method  that  has  been  developed  to  accomplish  this  work  involves 
the  use  of  blueprints  of  all  levels  of  the  mine,  and  loose  sheets  of  paper 
upon  which  are  typewritten  all  items  of  information  that  cannot  con- 
veniently be  noted  on  the  blueprint.  The  tracings  from  which  the  blue- 
prints of  the  levels  are  made  will  generally  be  on  a  scale  of  1  in.  equals 
200  ft.,  and  will  give  only  a  bare  outline  of  the  workings.  With  prints 
at  hand,  details  of  ventilation  conditions  are  recorded  with  white  ink, 
or  a  solution  of  potassium  oxalate,  and  the  record  may  be  brought  up  to 
date  at  any  time  merely  by  taking  another  print  from  the  tracing  and 
going  over  the  distribution  of  the  air. 
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As  a  matter  of  convenience  in  recording  information  on  the  print, 
the  following  conventional  signs  have  been  adopted: 

0  Air  moving  upwards,  entering  the  level. 

0  Air  moving  upwards,  leaving  the  level. 

[7j  Air  moving  downwards,  entering  the  level. 

j«g  Air  moving  downwards,  leaving  the  level. 

^  Bars  over  the  foregoing  signs  indicate  that  the  air  is 

not  coursed  directly  to  adjoining  levels.  The  mine  num- 
bers of  raises,  or  other  working  places,  are  given  when 
necessary. 

-^-^^-^:-^:-^^^^  Filling,  timber  bulkheads,  or  other  conditions  permit- 

ting the  air  to  escape  from  the  sill. 

•j^  ■.         Direction  of  flow  of  air,  and  volume  in  cubic  feet  per 

'  /3,ooo  '      .     , 
mmute. 

^-  U-  /  The  first  numeral  is  an  abbreviation  of  the  number  of 

the  level,  the  letter  indicates  that  the  stopping  is  a  door,  and  the  last 
number  is  the  number  of  the  door  in  reference  to  the  particular  level. 
Bulkheads,  and  brattices,  may  be  similarly  denoted  by  a  difference  in 
the  letter. 

A  ventilation  map,  or  print,  of  the  500-ft.  level  of  the  Nettie  mine  is 

shown  in  Fig.  13. 

The  typewritten  notes  on  the  loose  leaf  accompan5n[ng  the  prints  of 
each  level  include  such  information  as  the  temperature,  psychrometer  wet 
bulb,  and  relative  humidity  of  the  air  in  all  working  places  on  the  level, 
taken  monthly,  and  also  a  general  description  of  such  features  as  the 
construction  of  ventilation  doors,  or  stoppings,  and  the  purposes  they 
serve.  Typewritten  sheets  and  blueprints  of  each  level  are  kept  together, 
and  all  of  these  records  for  a  given  mine  are  bound  together  in  a  loose- 
leaf  notebook.  The  system  has  not  yet  been  fully  worked  out,  or  applied 
to  all  mines,  and  modifications  will  probably  be  found  necessary. 

Cost  of  Ventilation  Work  1916-1920  Inclusive 

Year            Operation  Construction  Total 

1916 $433,536 .  21  $22,123 .  29  $455.659 .  50 

1917   459,295 .  45  54,430 .  93  513,726 .  38 

1918.. 802,566.13  54,672.65  857,238.78 

1919 531,308 .  18  223,983 .  30  805,291 .  48 

1920 624,216.78  110,288.16  734,504.94 

$2,900,922  75  $465,498  33  $3,366,42108 
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In  this  table,  operating  includes  all  work  on  air  shafts  such  as  sinking, 
smooth-surfacing,  and  repairs;  opening  crosscuts,  drifts,  and  raises 
required  for  use  as  air  courses;  excavation  necessary  for  the  installation 
of  booster  fans;  cost  of  blowers  and  canvas  pipe  and  installation  charges 
for  this  equipment. 

Construction  includes  fans,  motors,  construction  charges  covering 
new  equipment  for  twenty-four  air  shafts;  fans,  motors,  and  installa- 
tion charges  covering  ten  booster  fans;  cost  of  plant  and  equipment 
for  making  concrete  slabs.  No  charge  is  counted  for  the  mechanical 
equipment  of  seven  air  shafts  for  which  new  equipment  was  not  needed, 
or  upon  which  it  has  not  yet  been  installed. 

Results 

In  considering  the  results  obtained  from  the  ventilation  work  that  has 
been  outlined,  it  should  be  remembered  that  mechanical  ventilation  of 
the  mines  has  been  carried  on  for  a  number  of  years.  The  comparisons 
that  will  be  given  are,  therefore,  not  relative  to  mines  in  which  mechani- 
cal ventilation  is  used  for  the  first  time,  but  are  a  measure,  only,  of  recent 
improvement.  Unfortunately,  the  abnormal  conditions  of  wartime 
operations,  followed  by  the  subsequent  industrial  depression,  has  delayed 
much  of  the  work.  Considerable  time  is  required  to  carry  out  the  work 
of  smooth-surfacing  a  shaft,  and  at  least  one  year  seems  necessary  to 
develop  the  full  benefit  to  be  derived  from  an  increased  flow  of  air.  A 
few  instances  of  the  results  obtained  in  mines  where  the  improvement 
program  has  been  nearly  completed  can  be  given,  however,  the  standard 
being  the  average  of  the  temperature  and  humidity  conditions  of  the  air 
in  the  working  places. 

West  Colusa  mine:  In  May,  1919,  the  average  temperature  and 
humidity  conditions  of  forty-six  working  places  were:  Temperature, 
80.1°  F.;  psychrometer  wet  bulb,  77.3"  F.;  relative  humidity,  88  per  cent. 
In  February,  1921,  the  average  conditions  of  thirty-five  working  places 
were:  Temperature,  69.3°  F.;  psychrometer  wet  bulb,  66.4°  F.;  relative 
humidity,  86  per  cent.  Work  on  a  second  upcast  air  course  is  not  yet 
complete;  it  is  expected  that  when  this  is  done  the  volume  of  air  circulat- 
ing through  the  mine  will  be  increased  nearly  50  per  cent. 

Mountain  Con.  mine:  In  October,  1917,  the  average  temperature  and 
humidity  conditions  of  fifteen  working  places  were:  Temperature, 85.8° F.; 
psychrometer  wet  bulb,  83.0°  F.;  relative  humidity,  88  per  cent.  In 
November,  1920,  the  average  conditions  of  thirty-one  working  places 
were:  Temperature,  76.2°  F;  psychrometer  wet  bulb,  67.0°  F.;  relative 
humidity,  62  per  cent.  In  October,  1917,  the  mine  was  operating  at 
only  part  capacity,  due  to  labor  shortage,  and  in  November,  1920,  it  was 
shut  down.    The  record  taken  at  the  latter  date  did  not  include  certain 
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places  used  temporarily  to  carry  air  leaving  the  Steward  mine.  It  is 
fairly  representative  of  average  conditions,  but  the  low  humidity  indicates 
a  further  probable  lowering  of  temperature  in  the  future.  A  large  booster 
fan  will  probably  be  installed  in  the  mine  when  operations  are  resumed, 

Berkeley  mine:  In  May,  1919,  the  average  temperature  and  humidity 
conditions  of  the  working  places  were:  Temperature,  81.5°  F.;  psy- 
chrometer  wet  bulb,  80.0°  F. ;  relative  humidity,  93  per  cent.  In  Decem- 
ber, 1920,  the  average  conditions  were:  Temperature,  75.8°  F.;  psychro- 
meter  wet  bulb,  70.3°  F.;  relative  humidity,  76  per  cent.  The  work 
planned  for  this  mine  is  not  yet  complete,  and  the  mine  was  shut  down  at 
the  time  the  last  record  was  made. 

Improvement  of  ventilation  conditions  is  not  measured  by  reduction 
in  temperature  and  humidity  alone,  it  depends  also  on  other  condi- 
tions. In  fact,  reference  to  relative  humidity  alone  is  misleading  because 
100  per  cent,  relative  humidity  is  not  oppressive  at  low  temperatures 
although  it  is  decidedly  oppressive  at  high  temperatures.  At  wet-bulb 
temperatures  below  that  of  the  body,  say  98°  F.,  an  increase  in  velocity 
of  air  movement  is  the  most  effective  means  of  reducing  the  bad  effects 
of  high  temperatures.  So  long  as  the  air  is  not  saturated,  this  increases 
the  rate  at  which  perspiration  is  evaporated  on  the  skin,  and  as  the 
latent  heat  of  evaporation  is  high  the  cooling  effect  due  to  it  is  generally 
greater  than  that  caused  in  any  other  way.  The  present  ventilation 
program  provides  for  the  circulation  of  practically  double  the  volume 
of  air  formerly  circulated  through  the  mines,  so  that  there  will  be  a 
corresponding  increase  in  the  velocity  of  air  movement,  and  dilution  of 
the  CO2  content. 

DISCUSSION 

D.  Harrington,  Denver,  Colo,  (written  discussion). — On  page  34, 
the  author  objects  to  the  term  "oxidation"  in  connection  with  absorption 
of  oxygen  with  attendant  increase  of  surrounding  air  temperature  in 
timbered  regions,  as  there  appears  to  be  comparatively  little  of  this 
oxidation  where  there  is  the  maximum  amount  of  oxygen;  he  believes  that 
in  timbered  regions  the  heat  is  generated  during  bacteriological  changes 
attendant  on  organic  decay.  Nevertheless,  oxidation  is  undoubtedly  a 
proper  term.  The  action  is  almost  analogous  to  spontaneous  combustion 
of  coal  in  piles  or  in  mines,  for  which  oxidation  is  accepted  as  being 
responsible;  yet  there  is  comparatively  little,  if  any,  bacteriological 
action  and  frequently  there  is  a  maximum  supply  of  oxygen,  though 
usually  little  air  movement  to  cai'ry  away  the  temperature  increase. 

The  coefficients  of  friction  given  on  pages  38  and  39  indicate  the  desir- 
ability of  smooth-fining  main  air  courses  in  which  large  quantities  of  air 
must  be  carried  at  high  velocity.  Nevertheless,  the  coefiicients  given 
include  not  only  frictional  coefficients,  but  air  resistance  caused  by 
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eddy  currents  from  projecting  timbers  and  other  obstructions;  while  they 
are  of  undoubted  practical  utility,  the  point  is  emphasized  that  they 
are  only  approximations.  It  would  have  increased  the  value  of  the  paper 
had  some  of  the  experimental  data  obtained  by  the  Anaconda  Copper 
Co.,  regarding  frictional  coefficients  in  various  kinds  and  sizes  of  tubing, 
been  given;  also  reasons  why  the  Anaconda  Copper  Co.  adopted  flexible 
tubes  for  ventilating  blind  ends;  and  the  data  obtained  from  the  experi- 
ments on  flow  of  air  in  shaft  models.  There  is  widespread  interest  in 
experimental  work  on  frictional  coefficients  in  mine  openings  and  in 
tubing  used  in  mine  ventilation,  and  in  suitable  fans  for  various  kinds  of 
mine  service.  The  data  collected,  however,  is  conflicting;  for  instance, 
some  experimental  work  on  flow  of  air  in  tubes  gave  frictional  coefficients 
for  flexible  tubing  as  less  for  similar  service  with  rigid  tubes,  while  other 
experiments  gave  coefficients  that  are  greater;  these  uncertainties  should 
be  cleared.  Experimental  work  on  ventilation  is  being  done  by  the 
U.  S.  Bureau  of  Mines  at  the  Experimental  Mine,  Pittsburgh,  Pa.,  by 
the  University  of  Illinois  at  Urbana,  111.,  and  by  other  agencies;  in  the 
interest  of  the  mining  industry,  it  would  seem  advisable  that  these  various 
agencies  adopt  standard  testing  apparatus  and  methods,  and  thus  avoid 
the  issuance  of  conflicting  data. 

On  pages  42  and  43,  it  would  have  been  interesting  had  costs  of  lining 
with  slabs  and  with  chicken  wire  and  burlap  with  the  cement  gun  been 
given,  with  data  as  to  the  relative  effectiveness  of  the  two  methods. 
It  is  stated  that  working  shafts  are  to  be  intakes;  this  is  the  desirable 
method  but  it  is  impracticable  in  certain  regions  because  of  the  accumula- 
tion of  ice  in  the  winter  time;  how  is  the  formation  of  ice  in  the  downcast 
working  shafts  in  Butte  prevented?  The  author  states  that  "all  surface 
fans,  with  three  exceptions,  are  reversible  and  are  operated  as  exhaust 
fans  to  develop  a  vacuum  system  of  ventilation."  The  mining  public 
would  like  to  know  what  considerations  led  to  the  adoption  of  reversible 
fans  and  of  vacuum  instead  of  force  units. 

The  doors  illustrated  in  Figs.  8  and  9  are  dangerous,  especially  in  case 
of  a  fire,  inasmuch  as  they  are  not  tight,  are  not  held  closed,  and  would 
be  much  more  likely  to  be  open  than  closed  in  case  of  fire,  when  it  would 
be  extremely  desirable  that  they  should  remain  closed.  All  doors  should 
have  a  latch  that  will  hold  the  door  closed  even  when  the  direction  of  the 
air  current  may  change,  and  automatic  doors  should  be  self-closing  after 
cars  or  men  have  passed  through;  moreover,  all  mine  doors  should  be 
made  as  nearly  leak-proof  as  possible;  if  it  is  necessary  for  a  certain 
amount  of  air  to  go  past  a  door,  a  regulator  should  be  placed  in  the  door  or 
in  the  frame  adjacent  to  the  door. 

The  description  of  the  use  of  booster  fans  shows  that  while  booster 
fans  may  be,  and  generally  are,  dangerous  in  coal  mines,  they  are 
extremelv  desirable  in  metal  mines. 
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The  weakest  point  in  present-day  metal  mining  ventilation  piactice,  is 
bringing  the  air  currents  to  the  places  where  men  are  working.  In  the 
discussion  on  page  50  it  would  have  been  interesting  had  the  saving  of 
power  produced  by  the  fractional  width  fans  been  given;  the  writer 
understands  that  there  was  a  decided  reduction  in  power  consumption 
when  the  smaller  width  fans  were  adopted.  On  page  51  the  length  of 
piping  or  tubing  that  would  necessitate  the  installation  of  a  second  fan 
or  blower  in  the  series  should  have  been  given;  also  the  kind  of 
tubing  used. 

Under  the  heading  Ventilation  Records  and  Maps,  it  is  stated  that  the 
man  in  charge  of  ventilation  at  each  mine  is  employed  under  the  direction 
of  the  mine  foreman  and  is  expected  to  act  in  ventilation  work  in  coopera- 
tion with  the  ventilation  engineer.  If  the  man  in  charge  of  ventilation 
must  report  to  that  foreman,  who  is  responsible  for  present  practices, 
he  will  probably  not  hold  his  job  very  long  if  he  makes  very  drastic 
recommendations  as  to  needed  changes,  as  the  foreman  would  probably 
resent  those  recommendations  as  criticisms.  Until  such  time  as  metal 
mine  foremen  become  more  sympathetic  with  ventilation  work,  the  men 
in  charge  of  ventilation  work  should  report  only  to  higher  officials  and  be 
responsible  only  to  them. 

The  cost  of  ventilation  work  given  would  be  more  interesting  if  it 
were  reduced  to  the  amount  per  ton  of  ore  hoisted  or  per  pound  of  copper 
produced.  It  would  also  be  interesting  if  a  statement  could  be  made  as 
to  whether  this  immense  expenditure  of  money  has  been  justified  and, 
if  so,  in  what  manner  both  as  to  savings  in  dollars  and  cents  and  as  to 
health,  welfare  and  general  attitude  of  the  workers. 

Chas.  a.  Mitke,*  Bisbee,  Arizona  (written  discussion). — Having 
visited  Butte  every  few  years  for  some  time  past,  I  have  been  able  to 
note  the  improvements  that  the  Anaconda  Copper  Co.  has  been  making 
in  the  ventilation  of  its  mines.  This  subject  is  of  great  interest  to  me,  as 
I  have  worked  out  and  supervised  the  installation  of  a  number  of  the  large 
ventilating  systems  in  the  Southwest,  where,  except  that  the  Anaconda 
mines  are  much  deeper,  the  difficulties  to  be  overcome  in  providing 
efficient  ventilation  are  very  similar. 

In  the  deeper  mines  in  the  Southwest,  in  addition  to  the  regular 
temperature  and  relative  humidity  problems,  as  well  as  the  heat  from 
fire  areas,  we  have  the  excessive  heat  generated  by  friction  and  oxidation 
of  ore  carrying  from  10  to  45  per  cent,  sulfur.  This  must  be  taken 
care  of  by  the  ventilating  system,  as  additional  quantities  of  heat  may 
issue  from  such  a  district  at  any  time,  depending  on  the  crushing  effect 
of  moving  ground  over  old  stoped  areas.     It  is  the  practice  to  force  large 
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volumes  of  fresh  air  into  such  areas  in  order  to  cool  the  ore  before  it  takes 
fire,  provision,  of  course,  always  being  made  that  such  air  does  not  return 
and  flow  through  the  live  workings.  After  a  fire  is  once  started,  however, 
a  different  method  is  used,  depending  on  the  problem  at  hand. 

A.  S.  Richardson  (author's  reply  to  discussion). — Mr.  Harrington 
refers  to  the  writer's  objection  to  the  use  of  the  word  "oxidation"  in 
reference  to  the  processes  occurring  during  the  decay  of  mine  timber. 
While  the  correctness  of  the  terminology  is  not  a  matter  of  great  impor- 
tance the  writer  is  not  satisfied  that  Mr.  Harrington's  argument  in 
support  of  the  word  is  well  founded.  The  comparison  to  the  action 
that  causes  spontaneous  combustion  of  coal  contains  the  statement  that 
in  this  case  no  bacteriological  action  occurs,  and  as  fundamental  differ- 
ences exist  the  analogy  is  by  no  means  evident. 

Special  measures  for  the  ventilation  of  pump  stations  are  necessary 
on  account  of  the  heat  generated  by  the  electrical  equipment,  and  are 
practiced.  Most  frequently  the  fresh  air  that  is  drawn  from  the  shaft 
for  this  purpose  is  diverted  directly  to  the  outlet  air  courses  and  does  not 
pass  through  other  working  places. 

The  reference  to  the  low  temperature  record  at  the  West  Colusa 
mine,  where  fire  fighting  was  being  carried  on,  was  intended  to  bring  out 
the  fact  that,  in  itself,  the  fire  had  not  greatly  affected  the  temperature  of 
the  main  body  of  mine  workings.  Mr.  Harrington's  deduction  that  the 
ventilation  of  the  mine  is  efficient  is  believed  to  be  correct.  However,  the 
presence  of  a  mine  fire  frequently  causes  complications  that  render 
efficient  ventilation  decidedly  difficult. 

The  formation  of  ice  in  the  downcast  shafts  has  never  been  a  serious 
obstacle  in  Butte,  even  though  the  winters  are  severe,  but  some  difficulty 
occasionally  occurs.  Elimination  of  the  trouble  is  accomplished  by 
prevention,  by  catching  up  and  diverting  the  flow  of  water,  and  by 
removing  the  ice  as  soon  as  it  forms.  In  at  least  one  instance  the  main 
surface  fan  was  reversed  and  the  ice  melted  by  the  warm  air  from  the 
mine. 

The  reason  for  having  main  surface  fans  reversible  is  in  order  that  the 
direction  of  flow  of  air  through  the  mine  may  be  reversed  in  case  this 
should  become  desirable  because  of  a  mine  fire,  or  any  other  contingency. 
It  is  believed  that  the  most  important  reasons  for  selecting  vacuum  units 
for  main  surface  fans  were  given  in  the  original  paper;  no  other  selection 
would  be  practicable  so  long  as  the  hoisting  shafts  are  main  inlet  air 
courses. 

Many  difficulties  have  to  be  overcome  in  designing  efficient  ventilation 
doors  for  metal  mines  having  heavy  ground  and  strongly  acid  copper 
water.  Those  now  used  in  Butte  were  developed  as  the  result  of  years 
of  experience  during  which  many  types  were  tried  out  under  operating 
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conditions.  It  is  not  thought  that  they  are  necessarily  the  best  that  may 
possibly  be  designed,  and  work  is  now  being  done  to  improve  and  to 
standardize  this  equipment. 

Use  of  fractional  width  fans  for  use  with  canvas  tubing  permitted 
the  use  of  motors  of  about  one-half  the  horsepower  of  those  required 
for  the  standard  width  fans.  For  the  No.  4  standard  Sirocco  blower  a 
20-hp.  motor  is  used  under  these  conditions,  while  for  the  No.  43^^  width 
blower  a  10-hp.  motor  is  used.  For  the  No.  23^  standard  blower  a 
73^-hp.  motor  is  used,  while  on  the  No.  23^,  one-third  and  two-thirds 
width  blowers  the  motors  are  3-hp.  and  5-hp.,  respectively.  On  an 
order  for  300  blowers  the  saving  in  total  motor  horsepower  was  1,837 
horsepower. 

Use  of  canvas  tubing  in  preference  to  galvanized-iron  pipe  is  made 
because  of  lower  cost  of  canvas  pipe,  flexibility  of  the  material  permitting 
greater  ease  and  consequent  lower  cost  of  installation,  greater  efficiency 
when  maintained  in  good  repair  due  to  smaller  number  of  joints  and 
lower  leakage  losses.  To  a  certain  extent  there  are  limitations  to  the 
effectiveness  of  both  kinds  of  tubing  because  the  air  flowing  through  the 
tube  becomes  heated  by  the  hot  air  surrounding  it.  In  this  respect 
the  canvas  tubing  has  also  a  slight  advantage  because  of  the  lower 
heat  conductivity  of  the  material. 

The  first  canvas  tubing  used  in  the  A.  C.  M.  Co.'s  mines  on  a  large 
scale  was  a  rather  inferior  article  which  was  purchased  from  an  outside 
manufacturer.  The  service  secured  from  it  was  so  poor  that  it  became 
necessary  to  get  something  better,  and  that  now  used  is  made  in  the 
company's  own  shops.  The  material  is  canvas  of  what  is  ordinarily 
called  9-oz.  weight,  and  it  is  coated  with  a  roofing  compound.  Other 
manufacturers  have  now  produced  tubing  that  is  much  more  serviceable 
than  that  formerly  obtainable,  but,  considering  the  large  proportion  of 
tubing  destroyed  by  purely  mechanical  causes  and  the  greater  cost  of 
the  more  thoroughly  protected  material,  it  has  not  so  far  seemed  advisable 
to  make  any  change. 

No  exact  rule  can  be  given  for  the  installation  of  two  or  more  blowers 
on  a  pipe  line  because  the  resistance  of  these  lines  varies  a  great  deal 
irrespective  of  length.  Lines  as  long  as  2000  and  3000  ft.  have  been 
carried  satisfactorily  in  fairly  cool  places  with  the  use  of  only  one  blower, 
but,  in  general,  additional  power  seems  necessary  when  the  length  of  pipe 
is  greater  than  1200  feet. 

Complete  treatment  of  such  subjects  as  the  resistance  of  tubing, 
different  types  of  shafts,  and  other  components  of  mine  resistance  would 
be  quite  lengthy,  and  unduly  prolong  the  discussion  of  a  paper  which  was 
written  solely  as  an  account  of  the  ventilation  work  recently  done,  or 
undertaken,  by  the  Anaconda  Copper  Mining  Co.,  and  not  as  a  technical 
treatise.     This  can  more  appropriately  be  done  in  a  separate  paper,  and 
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as  a  considerable  amount  of  such  information  has  been  gained  a  paper  on 
the  subject  will  be  offered. 

Justification  of  expenditures  for  ventilation  work  cannot  be  exactly 
defined  in  terms  of  dollars  and  cents.  Numerous  other  factors  affect 
labor  efficiency,  and  it  is  not  possible  to  estimate  the  benefits  derived  from 
the  improved  health  and  welfare  of  the  miners.  At  one  mine  the  tons  per 
man  per  day  for  miners  employed  in  breaking  ore  in  stopes,  on  a  contract 
basis,  was  increased  approximately  50  per  cent,  during  the  period  of 
ventilation  improvement,  and  the  substantial  drop  in  average  tem- 
peratures that  has  been  effected  cannot  be  without  great  benefit  to 
all  concerned. 
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Mine  Fires  and  Hydraulic  Filling 

By  H.  J.  Rahilly,*  Butte,  Mont. 

(New  York  Meeting,  February,  1922) 

Mine  fires,  in  the  Butte  district,  have  been  a  source  of  trouble  and 
expense  for  the  past  thirty  years,  for  while  the  actual  fire  area  in  most  of 
the  mines  has  been  comparatively  small,  the  handling  of  the  gas  has 
generally  been  a  much  larger  problem  than  the  actual  putting  out  of  the 
fire.  The  chief  causes  of  these  fires  have  been:  Defective  electrical 
equipment,  incendiarism  or  carelessness,  and  spontaneous  combustion. 

While  fires  from  the  first  two  causes  have  been  numerous,  they  have 
generally  been  discovered  and  extinguished  before  they  became  very 
serious.  Spontaneous  combustion  has  been  the  cause  of  most  of  the 
large  fires.  Sufficient  heat  has  been  generated  by  ground  movement, 
high  rock  temperatures,  and  decomposition  to  set  fire  to  inflammable 
materials  (tarred  ropes,  canvas,  dry  timber,  manure,  and  hay)  left  in  the 
gobs  some  years  ago.  Also,  the  heat  resulting  from  the  oxidation  of  the 
fine  broken  sulfide  ore  is  sometimes  sufficient  to  set  fire  to  the  timbers. 

In  1906,  a  fire  was  discovered  on  the  llOO-ft.  level  of  the  Minnie 
Healy  mine  about  400  ft.  (122  m.)  west  of  the  Minnie  Healy  shaft, 
which  presumably  originated,  in  one  of  the  upper  levels,  from  spon- 
taneous combustion.  The  fire  was  walled  off  by  concrete  bulkheads  and  a 
pillar  of  ground  100  ft.  (30  m.)  thick  was  left  below  and  mining  resumed 
underneath.  During  subsequent  operations,  this  pillar  became  cracked 
and  broken  and  the  fire  passed  into  the  new  workings.  It  travelled 
downward  and  spread  rapidly  until,  in  1917,  it  had  become  necessary  to 
wall  off  portions  of  the  Tramway,  Leonard,  and  West  Colusa  mines  on  the 
1300,  1400,  1500,  1600,  1800,  1900,  and  2000-ft.  levels,  and  the  tops  of 
the  2200-ft.  raises  were  sealed.  The  fire  area  now  consists  roughly  of  a 
block  1000  by  1200  ft.  and  from  the  600-ft.  to  the  2200-ft.  level.  This 
block  is  composed  largely  of  a  series  of  parallel  northwest-southeast 
nearly  vertical  veins  and  stringers  that  form  a  large  orebody,  with  no  well- 
defined  walls  but  badly  fractured  and  faulted,  and  known  locally  as 
"horsetail  ore."  These  veins,  or  orebodies,  are  mined  by  the  square- 
set  or  the  rill  method. 

*  Mine  Fire  Superintendent,  Anaconda  Copper  Mining  Co. 
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Prior  to  this  time  (February,  1917)  mine  fires  had  been  combatted  by 
fighting  the  fire  until  it  was  extinguished  or  if,  as  so  often  happened,  the 
fire  was  in  inaccessible  territory,  the  region  was  sealed  and  water  intro- 
duced through  diamond-drill  holes  put  in  from  levels  above.  It  became 
apparent  that  to  fight  so  large  a  fire  as  this,  any  method  of  permanent 
sealing  would  be  ineffective,  as  the  ground  was  too  badly  broken, 
and  the  use  of  water  would  be  futile,  because  it  would  form  water  courses 
in  the  stopes  and  would  not  spread  sufficiently  to  be  of  much  value; 
therefore  it  was  decided  to  fill  this  walled-off  region  with  mill  tailings 
from  the  Black  Rock  mill  of  the  Butte  &  Superior  Copper  Co.,  Ltd. 
Prior  to  Dec.  1,  1920,  the  tailing  was  taken  direct  from  the  mill;  but 
since  the  mill  has  been  closed,  tailings  have  been  obtained  by  hydraulick- 
ing  the  tailing  pond.  This  hydraulic  filling  was  planned  and  started  in 
February,  1917,  by  C.  L.  Berrien,  then  assistant  general  superintendent 
of  mines,  with  C.  E.  Nighman,  who  had  charge  of  fire  work  in  these 
mines,  in  charge  of  the  operation.  The  author  became  assistant 
to  Mr.  Nighman  in  April,  and  was  in  charge  from  July,  1918,  to  February, 
1919,  when  Mr.  Nighman  returned  from  the  army.  Since  April,  1920, 
the  author  has  had  charge  of  the  work,  Mr.  Nighman  having  been 
transferred  to  the  Anaconda  phosphate  property. 

According  to  Charles  Enzian,^  "The  first  instance  of  the  application 
of  hydraulic  mine  filling  is  reported  to  have  been  at  a  coal  mine  in  the 
Schuylkill  region  of  Pennsylvania  in  1884  for  the  purpose  of  extinguishing 
a  fire  in  the  main  haulage  slope.  About  1886  and  1887,  hydraulic  filling  was 
introduced  in  the  Lehigh  and  Schuylkill  regions  for  the  purpose  of  sealing 
off  mine  fires,  arresting  squeezes,  and  supporting  the  surface."  In 
these  instances  culm  and  not  sand  was  used  as  the  filling  material. 
Hydraulic  sand  filling  has  been  used  for  some  time  in  France,  Belgium, 
western  Australia,  Hungary,  Westphalia,  Silesia,  and,  more  recently, 
on  the  Rand,  South  Africa;  its  principal  use  has  been  for  surface  support. 

Preliminary  Work 

Preparations  for  sand  filling  in  Butte,  Mont.,  were  begun  in  the  fall 
of  1917.  Diamond-drill  drainage  holes  were  drilled  from  the  1200-ft. 
level  of  the  Leonard  mine  to  the  Reins  shaft,  the  shaft  unwatered,  and  a 
crosscut  driven  on  the  course  of  the  drill  holes.  The  shaft  and  connecting 
crosscut  to  the  Leonard  were  put  in  condition  for  permanent  use  of  the 
tailing  pipe.  A  six-spigot  spitzkasten  was  installed  at  the  Black  Rock 
tailings  pond  and  a  flume  23  in.  wide  by  8  in.  deep  by  3650  ft.  long  on  a 
2  per  cent,  grade  was  constructed  from  the  tailings  pond  to  the  Reins 
shaft.  A  6-in.,  extra  heavy,  cast-iron,  flanged,  pipe  line  was  installed  in 
the  Reins  shaft  from  the  surface  to  the  1200-ft.  level  (1040  ft.)  where 
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it  was  divided,  one  branch  going  to  the  1100-ft.  level  of  the  Tramway 
(which  is  at  the  same  elevation  as  the  1200-ft.  level  of  the  Leonard)  a 
distance  of  about  2000  ft.  and  down  the  Tramway  shaft  to  the  1700-ft. 
level  (660  ft.);  the  other  branch  was  run  to  the  1200-ft.  level  of  the 
East  Colusa  (a  distance  of  700  ft.)  and  down  the  shaft  to  the  1900-ft. 
level  (680  ft.). 

Method  of  Filling 

It  was  decided  that  the  filling  should  be  built  up  in  layers,  starting 
at  the  lowest  level  of  the  fire  region.  Therefore,  it  was  first  necessary 
to  reenforce  all  bulkheads  on  the  2000-ft.  level,  so  they  were  made  4  ft. 
thick  and  provided  with  two  2-in.  copper  drain  pipes  and  valves,  also  to 
dig  ditches  for  conveying  the  drain  water  to  the  diamond-drill  drainage 
holes  that  conducted  it  to  the  2200-ft.  level,  from  where  it  is  sent  through 
raises  to  the  pumps  on  the  2800-ft.  level  of  the  Leonard  mine. 

On  the  1900-ft.  level  of  the  Leonard  (119  ft.  above  the  2000-ft.  level) 
the  main  lateral  and  those  crosscuts  and  drifts  that  could  be  utilized 
were  opened  and  repaired.  At  the  same  time  new  openings  were  driven 
so  as  to  get  to  the  tops  of  raises,  or  within  close  proximity  to  the  stopes. 
Where  conditions  prevented  the  driving  of  these  crosscuts  until  they 
actually  intersected  the  workings,  they  were  advanced  as  near  as  possible 
and  diamond-drill  holes  were  drilled  to  the  stopes  below.  Some  of  these 
holes  were  inclined  so  that  they  hit  the  stopes  about  60  ft.  below  the 
1900-ft.  siU,  or  about  60  ft.  above  the  2000-ft.  sill;  the  other  holes  were 
drilled  practically  horizontal.  The  tailings  pipe  was  installed  from  the 
East  Colusa  shaft  and  connected  to  these  drill  holes  and  these  stopes 
were  the  first  to  be  filled. 

All  concrete  bulkheads  in  drifts  and  crosscuts  connected  with  the  fire 
region,  that  were  not  opened,  were  reenforced  with  4  ft.  of  concrete  and 
provided  with  two  2-in.  copper  drains  and  a  4-in.  discharge  pipe.  The 
discharge  pipe  was  connected  to  the  tailings  pipe  and  the  filling  was  intro- 
duced to  this  sill  and  stopes  below  in  this  manner  or  through  the  diamond- 
drill  holes. 

At  the  same  time,  the  1700-ft.  level  of  the  Tramway  (146  ft.  above 
the  2000-ft.  level)  was  opened  by  crosscuts,  drifts,  and  diamond-drill 
holes,  and  the  tailings  discharged  into  the  stopes  through  these  holes  or 
through  concrete  bulkheads,  the  same  as  on  the  1900-ft.  level  of  the 
Leonard.  All  bulkheads  were  placed  as  near  the  stopes  as  possible  so 
as  to  fill  no  more  of  the  workings  than  was  necessary. 

This  work  was  performed  generally  under  abnormal  conditions;  such 
as  high  temperatures,  gas,  and  broken  and  caved  ground.  Oxygen- 
breathing  apparatus  had  to  be  used  constantly,  particularly  in  blasting 
through  the  old  concrete  bulkheads,  after  which  fans  were  used  to  hold 
back  the  gas  and  heat.     On  the  1900-ft.  level  of  the  Leonard,  over  4000 
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ft.  of  drifts  and  crosscuts  were  either  repaired  or  driven.  The  main 
supply  tailings  pipe  on  both  the  1900-ft.  level  of  the  Leonard  and  the 
1700-ft.  level  of  the  Tramway  was  6-in.  extra  heavy,  cast-iron  pipe  and 
the  lateral  lines  4-in.  cast-iron  and  wrought-iron  pipe. 

As  the  filling  progressed  on  the  1900-ft.  level  of  the  Leonard  and  the 
1700-ft.  level  of  the  Tramway,  the  1800-ft.  level  of  the  Leonard  and 
the  1600-ft.  level  of  the  Tramway  were  being  opened  by  repairing 
the  old  drifts  and  crosscuts,  driving  new  openings,  and  diamond  drill- 
ing; and,  in  turn,  the  succeeding  levels  above  were  opened  in  the  same 
manner  until  at  the  present  time  (Julj^,  1921)  the  stopes  between  the 
1600-ft.  and  2000-ft.  levels  of  the  Leonard  are  filled  and  the  1400-ft.  and 
1500-ft.  levels  are  being  opened  by  crosscuts  and  diamond-drill  holes  and 
are  partly  completed.  The  Tramway  stopes  between  the  1500  and  2000-ft. 
levels  are  nearly  filled.  On  the  1100,  1200,  1300,  and  1400-ft.  levels  of 
the  Tramway,  the  stopes  immediately  north  of  the  shaft  have  been 
filled,  thereby  cutting  off  the  gas  that  was  coming  out  and  interfering 
with  operations  in  the  shaft  and  other  parts  of  the  mine.  In  the  West 
Colusa,  the  stopes  below  the  1600-ft.  level  are  filled,  the  stopes  between 
the  1500-ft.  and  1600-ft.  levels  are  nearly  filled,  and  the  1300-ft.  and  1400- 
ft.  levels  are  being  opened  by  crosscuts  and  diamond-drill  holes. 

The  mill  tailings  from  the  mill  contained  about  16  to  18  per  cent, 
solids  by  weight  and  had  approximately  the  following  screen  analysis : 


Opening,  Inch 

Mesh 

Per  Cent. 

AcCUMXJLATn'E, 

Per  Cent. 

Retained  on 0.0137 

40 
80 

0.34 
7.37 

0.34 

0.0072 

7.71 

0.0058 

100 

4.27 

11.98 

0.0041 

150 

9.03 

21.01 

0.0029 

200 

19.38 

40.39 

0.0025 

220 

3.89 

44.28 

0.0021 

240 

3.68 

47.96 

0.0019 

260 

3.55 

51.51 

0.0018 

280 

1.29 

52.80 

minus 

3  280 

47.20 

100.00 

The  spitzkasten  thickened  the  pulp  to  about  25  to  30  per 

cent,  solids, 

by  weight,  having  the  following  approximate 

screen  analysis 

: 

QpENixa,  Inch 

Mesh 

Per  Cent. 

Accumulative, 
Per  Cent. 

Retained  on 0.0137 

40 
80 

0.70 
10.90 

0.70 

0.0072 

11.60 

0.0058 

100 

5.55 

17.15 

0.0041 

150 

12.75 

29.90 

0.0029 

200 

18.00 

47.90 

0.0025 

220 

2.65 

50.55 

0.0021 

240 

3.35 

53.90 

0.0019 

260 

3.50 

57.40 

0.0018 

280 

1.00 

58.40 

minus 

280 

41.60 

100.00 
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These  tables  show  that  a  large  part  of  the  slime  material  and  water  was 
removed  in  the  spitzkasten.  This  was  deemed  advisable  because  the 
tailings  frequently  leak  through  the  slips  and  cracks  in  the  ground, 
especially  when  there  is  an  excess  of  water  or  fine  material.  When  this 
condition  arises,  several  coats  of  gunite  are  appHed  and  the  cracks  sealed, 
small  pipes  being  cemented  into  the  cracks  to  drain  off  the  water. 

The  6-in.  extra-heavy  cast-iron  flanged  pipe  line  in  the  shafts  origin- 
ally was  offset  every  200  ft.  and  wooden  boxes  put  in  at  these  offsets  to 
break  the  fall  of  the  tailings;  but  these  boxes  are  being  removed  as  they 
wear  out  and  the  pipe  line  is  connected  up  continuously.  The  boxes  are 
a  constant  source  of  trouble  as  considerable  air  is  drawn  into  the  pipe 
line  with  the  tailings,  which  causes  splashing  at  the  boxes  if  the  amount 
of  tailings  varies.  It  has  been  determined  that  for  each  100  ft.  in  head 
in  the  shaft  pipe  lines,  the  tailings  can  be  transported  about  1000  ft.  on 
the  levels;  however  as  the  drifts  and  crosscuts  in  many  places  have 
settled  as  much  as  10  to  15  ft.,  the  tailings  pipe  lines  have  sags  or  traps 
in  them  so  that,  for  each  100  ft.  of  head,  horizontal  transportation  of 
slimes  for  about  800  ft.  is  considered  good  practice.  There  has  been  little 
or  no  trouble  with  settlement  of  material  at  sags.  Sometimes,  pressure 
heads  as  high  as  500  ft.  were  used. 

The  90°  curves  in  the  pipe  are  made  up  in  four  22}^°  sections  on  a  4- 
ft.  radius.  Two  of  these  sections  have  connections  for  2-in.  water  lines, 
the  other  two  have  handholes,  provided  with  bolted  covers,  so  that  the 
inside  of  the  curve  can  be  examined  from  time  to  time.  All  curves  in  the 
pipe  lines  are  made  with  a  223^-^°  section,  a  30°  section,  or  with  wedges 
that  can  be  adjusted  to  any  angle  from  0°  to  10°,  or  by  a  combination 
of  several  of  these  curve  pieces.  The  lateral  lines  are  4-in.  cast  iron 
or  wrought  iron  Much  of  the  latter  is  used  in  inaccessible  places  or 
where  the  Hnes  are  to  be  used  only  for  a  short  time,  as  second-hand 
wrought-iron  pipe  can  be  more  easily  obtained,  is  less  liable  to  breakage, 
lighter  in  weight,  and  more  easily  installed.  Two-inch  water  lines  follow 
the  tailings  pipe,  connections  with  2-in.  valves  being  made  at  all  curves 
and  junction  points,  in  order  to  flush  the  tailings  pipe  with  clear  water 
after  shutting  off  the  tailings,  because  if  the  solid  particles  are  allowed  to 
settle  they  will  tend  to  plug  the  pipe  line. 

Air  Locks 

When  opening  up  crosscuts  or  drifts  that  were  sealed  with  concrete 
at  the  time  of  the  fire,  a  concrete  bulkhead  18  in.  thick  with  a  tight-fitting 
iron  door  is  built  about  10  ft.  outside  of  the  bulkhead  that  is  to  be  blasted 
open.  Outside  of  the  iron  door,  two  brattices  are  built  about  10  ft. 
apart  with  tight  wooden  doors;  a  No.  2}4,  No.  3^  or  No.  4  Sirocco  fan  is 
placed  outside  these  brattices  and  12-in.  or  1 6-in.  canvas  fan  pipe  is  put 
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through  the  brattices  above  the  doors  and  made  to  discharge  inside,  but 
outside  of  the  iron  door.  In  the  second  brattice,  a  flapper  valve  is  in- 
serted in  the  fan  pipe  which  is  held  open  by  the  air  pressure,  but  closing 
down  the  fan  automatically  shuts  it,  thereby  allowing  little  or  no  gas  to 
escape  from  within  the  brattice.  The  flapper  valve  is  a  piece  of  sheet 
iron  hinged  at  the  top  forming  a  tight  seal  over  the  end  of  a  piece  of  16-in. 
wrought-iron  pipe.  The  bulkhead  is  then  blasted  open  and  the  fan  made 
to  hold  back  the  gases  so  that  the  men  can  work  in  good  air.  The  brat- 
tices are  made  of  1-in.  boards,  covered  with  metal  lath  and  coated  with 
gunite,  or  of  burlap  over  which  1-in.  mesh  chicken  wire  is  stretched  and 
then  gunited.  These  brattices  are  built  very  rapidly — digging  out  the 
loose  ground,  building  the  wooden  frame,  putting  on  the  burlap  and 
wire,  hanging  the  door,  and  guniting  rarely  take  over  two  8-hr.  shifts 
of  three  men  on  a  shift.  The  writer  favors  the  latter  construction 
because  the  time  and  cost  required  to  build  such  a  brattice  is  materially 
less  than  when  boards  are  used.  The  air  pressure  maintained  by  the 
fans  and  air-lock  doors  is  adjusted  so  as  barely  to  hold  back  the  gas,  this 
being  done  by  regulating  the  size  of  the  fan  intake.  Water-gage  readings 
at  several  of  the  doors  have  shown  as  much  as  30-lb.  pressure  per 
square  foot. 

Rock  Temperature  and  Humidity 

In  repairing  the  old  workings,  the  air  temperature  is  seldom  under 
85**  F.  with  relative  humidity  from  70  to  100  per  cent.  In  driving  new 
openings,  particularly  near  the  stopes,  the  temperature  of  the  rock  gen- 
erally becomes  higher  and,  in  a  few  instances,  was  so  high  that  men  were 
unable  to  work;  also  there  was  considerable  danger  in  blasting  around  of 
holes,  galvanized-iron  blasting  pipes  1%  in.  in  diameter  being  used  and 
only  two  or  three  holes  fired  at  one  time.  Rock  temperatures  as  high 
as  287°  F.  were  recorded.  Fans  and  air  blowers  are  used  constantly  for 
ventilation  and  for  making  the  places  workable.  Table  1  shows  some  of 
the  air  and  rock  temperatures  encountered  in  opening  the  1800-ft.  level 
of  the  Leonard  mine. 

Use  of  Diamond  Drilling 

D'amond  drilling  is  resorted  to  where  it  is  too  hot  to  drive  crosscuts, 
or  where  a  crosscut  will  allow  too  much  air  to  reach  the  fire,  or  where  it  is 
cheaper  to  drill  than  to  drive  a  long  opening.  The  drill  holes  are  23^^ 
in.  in  diameter  and  cased  with  2-in.  extra  heavy  pipe,  made  up  in  5-ft. 
or  6-ft.  lengths  with  flush  or  casing  joints.  These  holes  are  connected 
to  the  4-in.  lateral  lines  by  short  pieces  of  hose  equipped  with  suitable 
couplings.  Hose  is  used  because  of  the  ease  with  which  the  connections 
can  be  made  and  the  ease  with  which  it  is  possible  to  determine  whether 
the  pipe  line  is  plugged  with  tailings. 


H.   J.    RAHILLY 


67 


Table  1. — Temperature  and  Relative  Humidity  on  1800-ft.  level  of  Leonard 


Temperature, 
Degrees  F. 


Place 


Date 


Dry 
Bulb 


1800  and  1801 10/2/19 

1895A  breast 1/28/20 

1894  breast 1/28/20 

1750E,  100  ft,  W1893 1/28/20 

1756A  breast 1/28/20 

1752A 1/28/20 

1750W  and  1754A 1/28/20 

1754  SS  No.  1 1/28/20 

1825  and  1803 1/28/20 

1847 10/10/19 

1/28/20 

1847  compressed  air 1/28/20 

1847  fan  discharge 1/28/20 

1847  rock 1/28/20 

1758A  breast 10/19/19 

10/23/19 

10/25/19 

1/28/20 

9/28/20 

11/18/20 

Rock 10/19/19 

Rock 10/23/19 

Rock 10/25/20 


Wet 
Bulb 


Relative 
Humidity, 
Per  Cent. 


90 

89 

96.0 

92 

92 

100.0 

121 

99 

45.5 

99 

90 

70.5 

122 

96H 

38.0 

105 

93 

63.0 

92 

82 

65.5 

98 

93H 

81.0 

107 

102 

84.0 

118 

105 

64.0 

117 

114 

91.0 

114 

108 

82.0 

108 

94 

59  0 

195 

138 

100 

63.0 

131 

87 

63.0 

120 

113 

100 

63.0 

110 

87 

50.0 

104 

287 

247 

234 

Six  diamond-drill  machines  are  used  constantly  on  the  work,  five  being 
operated  daily  on  three  8-hr.  shifts;  the  sixth  machine  is  used  as  an  extra 
so  that  no  time  will  be  lost  in  case  one  of  the  machines  is  shut  down  for 
repairs  or  moving.  Up  to  July,  1921,  approximately  80,000  ft.  of  drilling 
had  been  done  with  1150  karats  of  carbon;  the  average  length  of  hole  is 
60  feet. 

Telephone  Installation 

Telephones  are  installed  at  points  convenient  to  each  discharge  place 
so  that  communication  can  be  established  between  any  part  of  the  mine 
or  surface.     This  is  very  important  because: 

1.  All  valves  must  be  set  properly  before  changing  the  tailings  from 
one  stope  to»another,  otherwise  the  pipe  line  will  be  plugged. 

2.  The  tailings  pipe  must  be  flushed  thoroughly  with  water  after 
filling  a  stope,  otherwise  the  sand  material  may  settle  and  plug  the  pipe. 

3.  The  flow  of  tailings  can  be  changed  quickly  to  places  unaffected 
should  leaks  through  the  ground  or  breaks  in  the  pipe  line  occur.    The 
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tailings  are  run  into  any  one  stope  from  4  to  8  hr.  continuously  and  then 
the  flow  is  changed  to  another  stope,  enough  places  being  kept  available 
for  continuous  operation.  Tailings  are  run  into  no  stope  for  more  than 
eight  in  each  48  hours. 

After  a  stope  has  apparently  been  completely  filled,  a  few  holes  are 
drilled  into  the  stope  to  test  out  and  make  certain  that  no  openings  are 
left  and  that  no  gas  or  fire  exist;  also  an  accurate  account  of  the  amount 
of  tailings  flushed  into  any  stope  is  kept  and  an  approximation  of  the 
amount  of  material  that  the  stope  should  take  is  made  from  the 
stope  maps. 

Breathing  Apparatus  and  Cement  Guns 

Oxygen  breathing  apparatus  is  used  to  a  large  extent  in  opening  up 
old  crosscuts,  particularly  in  building  air  locks,  blasting  bulkheads, 
sealing  doors,  and  making  exploration  trips  to  determine  the  amount  of 
work  necessary  to  introduce  the  tailing.  From  January,  1917,  to  July, 
1921,  26,000  sets  of  apparatus  were  used.  Deficiency  of  oxygen  and  the 
common  mine-fire  gases,  as  carbon  dioxide,  carbon  monoxide,  sulfur 
dioxide,  and  steam,  are  encountered. 

Three  to  six  cement  guns  are  constantly  used  in  building  bulkheads, 
brattices,  guniting  cracked  and  broken  ground  to  stop  gas  leaks,  and 
fireproofing  fan  stations.  Up  to  July  1,  1921,  approximately  20,000  cu. 
yd.  of  sand  and  125,000  sacks  of  cement  had  been  used. 

Pumping  Installations 

In  November,  1920,  the  Black  Rock  mill  of  the  Butte  &  Superior 
Copper  Co.,  Ltd.,  was  closed  down  so  that  no  more  filhng  material  could 
be  obtained  from  that  source.  As  there  were  several  hundred  thousand 
tons  of  tailings  in  the  tailings  pond,  it  was  decided  to  utihze  these.  The 
part  of  the  pond  first  attacked  was  that  south  of  the  north  end  of  our 
3600-ft.  flume.  This  comprises  a  block  roughly  300  by  800  ft.  and 
varying  from  20  to  50  ft.  in  thickness,  which  contained  252,000  tons  of 
available  material.  On  account  of  the  possible  semiliquid  condition  of 
the  center  of  the  pond  and  because  severe  rain  storms  are  not  uncommon, 
it  was  decided  to  leave  around  the  edge  a  rim  or  bank  of  tailings  at  least 
30  ft.  thick  on  top,  so  that  by  no  possible  chance  could  the  tailings  be 
washed  down  Silver  Bow  Creek  or  southward  toward  the  dwelling  houses. 

No.  1  shaft,  consisting  of  two  compartments,  was  sunk  30  ft.  through 
the  tailings  to  bedrock.  This  shaft  is  5  by  10  ft.  with  the  4  by  10-in. 
timbers  laid  skin  to  skin.  The  lower  10  ft.  of  one  compartment  was 
concreted,  both  walls  and  floor,  so  as  to  be  watertight  and  a  4-in.  Krogh 
centrifugal  pump  installed,  driven  by  a  G.E.,  25-hp.,  three-phase, 
60-cycle,  440-volt,  1150-r.p.m.,  K  motor.  The  other  compartment  was 
used  as  a  sump  and  was  connected  to  the  intake  of  the  pump  by  a  4-in. 
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pipe.  The  discharge  from  the  pump  is  a  S-iii.  pipe  GOO  ft.  long  with  a 
static  head  of  36.67  feet. 

The  taiUngs  are  sluiced  by  water  obtained  from  the  Black  Rock  mine 
and  by  water  from  Dixie  and  Yankee  Doodle  Creeks,  about  450  gal.  per 
min.  being  available.  This  water  is  flumed  and  piped  to  a  2800-gal. 
water  tank,  from  which  it  is  drawn  to  one  of  the  two  23>^-in.  Worthington 
centrifugal  water  pumps,  running  1500  r.p.m.  driven  by  a  G.E.  three- 
phase,  60-cycle,  440-volt,  15-hp.,  1120-r.p.m.  IK  motor.  One  of  these 
pumps  is  always  kept  in  reserve.  From  the  pumps  the  water  is  con- 
veyed through  pipes  and  23'^-in.  hose  to  the  working  place,  where  it 
discharges  through  a  1-in.  nozzle  at  about  30  lb.  pressure. 

The  tailings  were  first  worked  out  around  the  shaft  and  down  to  bed- 
rock; and  as  the  solid  material  had  a  tendency  to  settle  out  in  the  sump, 
an  agitator  was  installed.  This  agitator  is  a  wooden  tank  8  ft.  8  in.  in 
diameter  and  4  ft.  high  in  which  four  revolving  arms,  running  at  22 
r.p  m.  are  driven  by  a  15-hp.,  back-geared,  three-phase,  60-cycle,  440- 
volt,  1140-r.p.m.,  CS  Westinghouse  motor. 

No.  2  shaft,  consisting  of  two  compartments,  was  next  sunk  52  ft.  to 
bedrock.  This  shaft  is  14  by  24  ft.,  lined  with  4  by  10-in.  planks  placed 
skin  to  skin.  The  lower  16  ft.  of  one  compartment  was  made  watertight 
with  6-in.  concrete  walls  and  floor  and  two  4-in.  Krogh  pumps  and  motors 
similar  to  the  installation  in  No.  1  shaft  were  installed.  In  the  other 
compartment,  an  agitator  of  the  same  design  as  No.  1  plant  was  installed. 
The  discharge  pipe  is  5  in.  in  diameter  and  300  ft.  long  with  a  static 
head  of  55.54  ft.  on  the  pumps. 

At  present,  either  plant  can  be  operated;  and  as  the  sluicing  operations 
are  continuous,  changing  pump  liners  and  runners,  or  other  necessary 
repairs,  are  made  by  shifting  from  one  pump  to  another.  Pump  liners 
and  runners  will  pump  about  7000  tons  of  solids  in  the  No.  1  plant  and 
about  5000  tons  in  the  No.  2  plant  before  they  must  be  renewed. 

The  volume  of  tailings  delivered  to  the  mine  is  measured  by  a  weir  and 
hydrochronograph  at  the  Reins,  just  before  the  pulp  enters  the  shaft. 
Samples  are  taken  every  3^^  hr.  and  the  tons  of  solids  and  gallons  of 
water  are  computed.  The  daily  capacity  varies  from  500  to  1500  tons. 
Before  the  Black  Rock  mill  closed,  600  tons  a  day  was  the  average  capac- 
ity; but  since  sluicing  operations  were  installed  the  capacity  has  been 
increased  so  that  the  average  is  over  1000  tons  per  day.  The  amount  of 
solids  varies  from  20  to  50  per  cent.,  by  weight,  depending  on  the  size  of 
the  individual  particles  handled.  From  Dec.  1,  1920,  to  July  1,  1921, 
154,000  tons  of  sohds  and  72,000,000  gal.  of  water  were  pumped  into 
the  mine. 

The  taihngs  have  been  run  through  the  surface  flume  with  the  atmos- 
pheric temperature  as  low  as  40°  below  zero,  with  no  trouble  because  of 
freezing  (the  temperature  of  tailings  entering  the  mine  was  42°  F.).     Less 
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trouble  is  experienced,  in  winter,  by  running  continuously  than  when  the 
runs  are  intermittent,  as  in  the  latter  case  the  launder  gets  cold  and 
trouble  from  freezing  is  experienced  when  starting  up.  With  about 
300  gal.  per  min.,  about  50  per  cent,  solids,  by  weight,  is  the  maximum 
of  solids  that  will  flow  down  the  flume  without  blocking. 

No  slimy  water  is  allowed  to  go  to  the  pumps  on  the  2800-ft.  level  of 
the  Leonard,  as  these  are  of  the  plunger  type  and  the  sand  particles  tend 
to  eat  out  the  valve  seats.  All  water  pumped  out  of  the  mines  is  measured 
by  a  weir  and  hydrochronograph,  so  that  by  a  comparison  with  the  amount 
of  water  being  put  into  the  mine,  any  large  reservoirs  of  water  accumulat- 
ing in  stopes  can  be  detected  and  steps  taken  to  drain  them.  All  water 
drained  off  carries  copper  in  the  form  of  copper  sulfate,  the  sulfides  of  the 
ores  having  been  oxidized  by  the  fire.  It  is  sent  to  the  precipitating 
tanks,  where  the  copper  is  precipitated  and  recovered. 

Fire  Filling  Department 

The  work  of  extinguishing  the  fire  with  tailings  is  carried  on  by  the 
Fire  Filling  department.  The  work  consists  in  opening  up  the  old 
workings,  driving  new  openings,  diamond  drilling,  installing  pipe  lines, 
putting  in  concrete  bulkheads,  brattices  and  doors,  running  the  tailings 
into  the  stopes  and  caring  for  the  drainage.  The  department  employs 
about  250  men,  who  are  distributed  as  follows:  1  foreman  or  superin- 
tendent, 2  assistant  foremen,  1  ofl&ce  man,  9  shift  bosses,  33  diamond-drill 
men,  130  miners,  muckers  and  timbermen,  of  which  seventy-five  are 
trained  to  wear  oxygen  apparatus  for  performing  the  necessary  work  in 
the  gas,  12  pipe  men,  18  cement-gun  men,  3  discharge  men,  6  hoisting 
engineers,  1  oiler,  6  station  tenders,  6  tool  nippers,  6  drain  men,  and  20 
laborers.  All  work  on  three  8-hr.  shifts,  seven  days  per  week;  as  much  of 
the  work  as  possible  is  done  on  contract.  Considerable  of  the  work 
of  opening  up  the  old  workings  is  done  by  the  crews  of  the  Tramway, 
Leonard,  and  West  Colusa  mines  under  the  supervision  of  the  Fire  Filling 
department.  From  75  to  125  men  are  employed  daily  in  this  capacity. 
In  the  sluicing  operations  at  the  tailings  pond,  a  boss  and  six  men  are 
required  on  each  shift;  they  perform  the  actual  sluicing,  changing  of  pump 
liners  and  runners,  installing  launders,  and  other  incidental  work.  In 
addition,  a  man  at  the  Reins  takes  care  of  the  weir,  hydrochronograph, 
and  the  taking  of  samples.  Another  man  is  located  at  the  discharge  end 
or  the  place  where  the  tailing  enters  the  stope. 

From  1917  to  1921,  approximately  155,000  shifts  were  worked. 
Approximately  90,000  shifts  will  be  worked  this  year  if  present  conditions 
continue.  From  September,  1918,  to  July,  1921,  about  460,000  tons  of 
sohds  and  280,000,000  gal.  of  water  have  been  utilized;  it  is  estimated  that 
a  total  of  about  800,000  tons  will  be  required  for  the  job. 
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The  accident  record  for  the  actual  fire  filling  work  as  charged  by  the 
A.  C.  M.  Co.  Safety  Department  to  the  Reins  mine,  shows  that,  for  the 
years  1919  and  1920,  out  of  a  total  of  106,200  shifts  worked  there  were 
six  major  accidents — one  was  fatal  and  the  other  five  occasioned  inca- 
pacity for  over  two  weeks. 

The  effect  of  the  filling  on  the  mine  conditions  has  been  marked.  The 
levels  where  the  filling  is  completed  are  free  of  gas  and  cooler,  and  practi- 
cally all  settlement  of  the  ground  has  stopped.  Table  2  shows  the  change 
of  temperature  that  has  taken  place  since  the  work  of  filling  was  begun. 


Table    2. — Temperature  and  Relative  Humidity  of  Air  Before  and  After 

Filling 


Date 

Temperature', 
Degrees  F. 

Relative 

Place 

Dry 
Bulb 

Wet 
Bulb 

Humidity, 
Per  Cent. 

1701  Tramway  and  1772 

1799  Raise  and  1772 

1653  Leonard  and  1601 

9/29/19 
9/30/20 

9/29/19 
9/30/20 

1/28/20 

108 
102 

101 

88 

88 
81 

90 

87 

121 
89 

99 

88 

86 
79 

108 
102 

101 
86 

86 

78 

87 
85 

99 
81 

90 
81 

83 

74 

100.0 
100.0 

100.0 
92.0 

92.0 

1620  Leonard  and  1601 

9/28/20 

1/28/20 
9/28/20 

1/28/20 
11/19/20 

1/28/20 
11/18/20 

9/28/20 
11/18/20 

87.5 
88.5 

1894A 

1750E 

1892-93  corner 

92.0 

45.0 
71.0 

70.0 
74.0 

88.0 
79.0 

Several  crosscuts  and  drifts  that  were  filled  have  been  opened  and  in 
each  case  the  tailings  were  found  to  have  filled  the  opening  completely, 
were  well  drained,  and  compact  enough  to  pick  to  a  vertical  face.  One 
of  the  best  examples  was  observed  in  driving  A 1629  drift  in  the  Tramway 
through  1601  crosscut,  which  had  been  filled  9  or  10  mo.  before.  The  gas 
and  steam  known  to  exist  farther  north  (tests  being  made  through  a 
4-in.  pipe)  were  entirely  sealed  off  and  the  rock  temperature  had  been 
reduced  to  normal. 
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Conclusions 

The  following  conclusions  have  been  arrived  at  by  the  writer  as  to  the 
operation  and  results  of  the  filling: 

1.  The  tailings  will  make  possible  the  recovery  of  several  million 
tons  of  ore. 

2.  It  will  extinguish  the  fire. 

3.  It  will  tend  to  eliminate  high  rock  temperature. 

4.  It  will  eliminate  gas. 

5.  It  will  help  materially  to  increase  ventilation. 

6.  It  will  tend  to  stop  movement  of  the  ground. 

7.  Material  used  is  mill  and  flotation  tailings  consisting  of  75  to  85 
per  cent,  silica,  and  crushed  so  that  50  per  cent,  will  pass  280-mesh 
screen.  Little  trouble  is  experienced  in  sluicing  this  material  down  a 
3600-ft.  flume  on  2  per  cent,  grade,  in  250  to  600  gal.  of  water  per  minute 
carrying  from  20  to  50  per  cent,  of  solids,  by  weight. 

8.  The  wear  on  the  pipe  has  been  negligible,  and  wrought-iron  pipe 
for  distribution  laterals  underground  would  serve  better  than  cast-iron 
pipe,  as  it  is  cheaper  and  easier  to  handle,  but  the  writer  would  prefer 
cast-iron  pipe  in  shafts  and  main  distribution  pipes. 

9.  Water  drains  through  bulkheads  and  rock  pillars,  so  that  no  great 
pressures  are  built  up. 

10.  A  rubber-lined  pump  has  been  tried  at  the  tailings  pond,  but 
because  of  nails  and  small  pieces  of  metal  in  the  tailings,  the  rubber  lining 
would  not  stand  the  service;  at  present,  the  use  of  this  pump  is  still  in 
the  experimental  stage. 

11.  The  success  of  the  filling  has  depended  on  the  use  of  fans,  breath- 
ing apparatus,  and  the  cement  gun;  without  these  the  work  would  be 
difiicult. 

12.  Filling  of  this  character  is  particularly  applicable  to  mine  fires 
of  large  extent  and  long  duration,  where  temperatures  are  high  and  the 
actual  fire  is  inaccessible. 

13.  Under  certain  conditions,  the  filling  might  be  used  as  ordinary 
mine  filling  and  to  fill  stopes  that  have  been  mined  out,  thereby  excluding 
any  possible  chance  of  their  catching  fire. 

DISCUSSION 
(Includes  also  the  paper  of  E.  M.  N orris,  pages  77-85) 

R.  Dawson  Hall,*  New  York,  N.  Y. — Why  was  the  airshaft  lined 
with  slabs  rather  than  gunited?  The  slabs  would  not  seem  to  give  as 
fireproof  a  job.  Did  you  decide  against  gunite  because  movement  of 
the  ground  would  be  apt  to  break  it? 

*  Engineering  Editor,  Coal  Age. 
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Wm.  B.  Daly,  Butte,  Mont. — The  airshafts  of  the  Anaconda  Copper 
Mining  Co.,  in  the  Butte  district,  have  a  fixed  cross-sectional  area. 
Because  of  the  great  depths  with  increased  temperature  and  humidity  it 
was  necessary  to  increase  the  volume  of  air  taken  into  and  out  of  the 
mines.  The  water  temperature  at  3400  ft.  varies  from  104°  to  107°  F.; 
so  that  the  air  absorbs  moisture  readily.  For  that  reason,  without 
ventilation,  the  humidity,  in  the  bottom  levels,  would  come  close  to  100 
per  cent,  saturation. 

When  we  calculated  the  cross-sectional  area  of  all  the'  outtake  shafts, 
we  found  that  we  were  exhausting  from  those  shafts  as  much  air  as  we 
economically  could  with  reasonable  horsepower.  We  were  passing  about 
1,500,000  cu.  ft.  of  air  per  minute  through  the  twenty-six  properties. 
To  double  that,  of  course,  meant  doubling  the  cross-sectional  area,  with 
the  same  velocity  in  the  shaft.  We  decided  that  the  only  way  we  could 
increase  the  volume  of  air  passing  through  the  mines  was  to  smooth 
the  surface  of  the  outtake  shafts  or  double  the  number  of  air  shafts.  To 
double  the  number  of  air  shafts  would  cost  between  $10,000,000  and 
$15,000,000. 

We  decided  to  smooth-surface  the  shafts  by  Hning  them  with  1-in. 
board;  but  that  increased  the  fire  hazard,  so  we  developed  concrete  slabs 
to  smooth-surface  and  at  the  same  time  fireproof  the  shafts. 

The  test  made  to  determine  our  policy  was  at  the  Parnell  shaft,  which 
has  a  cross-sectional  area  of  85  sq.  ft.  A  No.  17  double-intake  Sirocco 
fan  with  a  300-hp.  motor  was  installed,  when  it  was  found  that  we 
could  exhaust  135,000  cu.  ft.  a  min.  with  262  hp.;  I  think  the  water  gage 
was  3.6.  After  smooth-surfacing  with  slabs,  we  exhausted  262,000  cu. 
ft.  with  242  hp.,  with  a  water  gage  of  3.4.  We  doubled  the  quantity  of 
air  passing  through  the  mines  and  used  slightly  less  power. 

The  downcast  shafts,  which  are  the  operating  shafts,  were  gunited. 
I  would  not  care  to  be  on  the  cage  at  3400  ft.  when  a  rock  struck  the 
bonnet  in  a  smooth-surfaced  operating  shaft;  but  by  guniting  the  timber, 
the  fall  of  a  rock  is  broken  by  bounding  from  set  to  set. 

Frank  Haas,  Fairmount,  W.  Va. — ^What  is  the  minimum  velocity 
in  the  airshafts? 

Wm.  B.  Daly. — In  the  stopes,  drifts  and  crosscuts,  about  from  300 
to  400  ft.;  200  ft.  is  sufficient.  In  our  shafts  we  must  have  a  velocity 
of  from  2500  to  3000  ft.  in  order  to  get  out  the  quantity  of  air  we  desire; 
the  different  levels  leading  to  the  shafts  make  so  many  feeding  points, 
that  the  movement  of  the  air  is  greatly  reduced.  We  regulate  the 
velocity  of  the  air  in  the  shafts  to  correspond  with  the  velocity  of  the 
movement  of  air  in  the  workings. 

Frank  Haas. — In  airshafts  of  coal  mining,  we  try  not  to  exceed 
1300  ft. 
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Wm.  B.  Daly. — You  have  smooth-surfaced  shafts? 
Frank  Haas. — Yes. 

D.  Harrington,*  Denver,  Colo,  (written  discussion). — According  to 
the  paper  of  Mr.  Norris,  fires  are  due  largely  to  conditions  from  electrical 
installations;  and  if  this  is  true  in  Butte  it  is  true  in  both  coal  and  metal 
mines  throughout  the  United  States.  It  is  significant,  too,  that  the  author 
pays  considerable  attention  to  gunite  for  fireproofing.  His  plan  of 
removing  lagging  at  intervals  of  100  ft.  in  order  to  bring  the  gunite  in 
direct  contact  with  the  rock  and  eUminate  the  possible  creeping  of  fire 
behind  the  gunite  should  be  considered  by  all  users  of  gunite  for 
fireproofing,  both  in  drifts  and  in  shafts. 

While  the  author  does  not  touch  upon  this  point,  it  is  my  under- 
standing that  since  the  guniting  of  many  of  the  drifts  in  the  Leonard  and 
adjacent  mines  there  has  been  a  great  decrease  in  the  amount  of  repair 
work  because  of  decaying  timber.  Fig.  4  is  an  excellent  example  of 
what  should  be  done  by  all  users  of  electric  motors  underground,  even 
when  the  motors  or  other  electrically  driven  machinery  are  to  be  used 
only  temporarily.  The  cost  of  fireproofing  these  small  stations  is 
negligible,  when  weighed  against  the  loss  caused  by  fire. 

The  fire-patrol  system  described  is  excellent.  The  members  of  the 
fire-patrol  crew  are  trained  in  the  use  of  mine-rescue  apparatus,  and  to 
encourage  them  the  company  gives  a  bonus  of  10  per  cent,  over  the 
miner's  wages.  This  practice  might  be  adopted  to  good  advantage  by 
companies  that  have  difficulty  in  retaining  the  services  of  men  trained  in 
the  use  of  mine-rescue  apparatus. 

The  suggestion  that  the  mine  bosses  should  become  thoroughly 
familiar  with  the  ventilation  of  their  mine  and  that  the  foremen  should 
give  bosses  theoretical  problems  on  ventilation  based  on  supposition  of  a 
fire  should  be  adopted  in  every  metal  mine  in  the  United  States. 

Mr.  Rahilly's  paper  describes  one  of  the  most  interesting  mining 
problems  in  the  United  States  at  the  present  time.  The  origin  of  this 
fire  was  probably  spontaneous  combustion  of  hay,  manure,  and  like 
materials  thrown  into  abandoned  workings,  a  practice  that  still  exists 
in  metal  mines  in  some  parts  of  the  United  States.  After  attempting 
to  control  this  fire  by  the  usual  methods  of  sealing  and,  later,  by  diamond 
drilUng  with  introduction  of  water,  without  success,  filling  the  open 
spaces  by  the  slimes  and  draining  away  the  water  soon  extinguished 
the  fire. 

An  interesting  feature  is  that  for  years  a  fan  was  used  to  force  the  fumes 
out  of  the  region  in  order  to  prevent  the  surrounding  mines  from  being 
flooded  with  gases.     After  this  method  was  abandoned,  it  was  found  that 


*  Supervising  Mining  Engineer,  U.  S.  Bureau  of  Mines. 
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the  gases  could  be  controlled  by  sealing,  though  occasionally  they  would 
break  forth.  The  fact  that  apparatus  was  used  26,000  times  from 
January,  1917,  to  July,  1921,  without  the  loss  of  life  shows  the  efficiency 
of  the  apparatus  and  the  care  with  which  the  apparatus  was  used.  The 
work  was  done  largely  in  air  with  a  temperature  from  90°  to  130°  or  140°  F., 
frequently  in  smoke  so  dense  that  the  apparatus  wearers  could  not  see 
each  other,  and  in  caving,  broken  ground.  It  is  probable  that  oxygen 
breathing  apparatus  has  been  used  to  a  greater  extent  and  with  greater 
efficiency  in  the  fighting  of  this  fire  than  in  any  similar  occurrence  in  the 
United  States. 

Probably  the  cement  gun  has  been  used  to  a  greater  extent  and  with 
greater  utility  in  fighting  this  fire  than  in  any  other  region  in  the  United 
States.  When  it  is  noted  that  18  men  are  using  the  cement  gun  practic- 
ally every  day  in  the  week  every  week  in  the  year,  the  immensity  of  this 
practice  can  be  realized.  Similarly,  the  use  of  diamond  drills  under- 
ground is  notable.  As  33  diamond-drill  men  are  continually  engaged  on 
the  work,  though  no  figures  are  given,  the  diamond-drill  footage  is  tens 
of  thousands  of  feet;  much  of  this  work  is  done  where  the  rock  and  air 
temperatures  are  largely  in  excess  of  100°  F. 

One  of  the  problems  that  worried  the  management  at  first  was  the 
handhng  of  the  extremely  fine  material,  it  being  thought  that  this  mate- 
rial would  not  settle  from  the  slimes  and  would  accumulate  with  attendant 
extremely  high  pressures,  so  an  attempt  was  made  to  remove  some  of  the 
fines.  But,  later,  when  the  material  was  sent  direct  from  the  mill  prac- 
tically no  trouble  was  experienced  because  of  the  method  of  handhng  the 
slunes.  That  the  method  finally  adopted  is  successful  is  shown  by  the 
fact  that  the  plunger  pumps  in  the  Leonard  mine,  which  handle  the  liquid 
material  that  drains  from  the  slime-filled  area,  would  quickly  be  worn  out 
by  the  fine  siliceous  material  if  any  went  through.  There  has  been  com- 
paratively httle  difficulty  with  the  pumps  and  the  water  drained  from  the 
bulkheads  in  the  lower  part  of  the  mine  is  clear,  as  far  as  soHds  are  con- 
cerned, though  impregnated  with  the  bluish  or  greenish  copper  sulfate. 

While  costs  are  not  given,  the  cost  of  handhng  is  very  small  per  ton 
of  material.  The  paper  states  that  from  September,  1918,  to  July,  1921, 
about  460,000  tons  of  sohds  and  280,000,000  gal.  of  water  were  sent  into 
the  fire  region;  up  to  the  present  time  well  over  600,000  tons  of  solids 
have  been  placed  there. 

To  those  who  are  slow  in  taking  precautions  against  fires  in  metal 
mines,  this  paper  should  convey  a  warning.  There  are  engaged  in  this 
work  over  250  men  daily;  from  1917  to  1921,  approximately  155,000  shifts 
were  worked;  the  cost,  including  labor  and  material,  is  probably  over 
$1,000,000.  Most  mining  companies  would  not  be  as  fortunate  as  the 
Anaconda  Copper  Mining  Co.  is  in  this  affair.  The  fire  oxidizes  copper 
sulfide,  which  is  leached  out  by  the  fluid  from  the  slimes,  and  the  copper 
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sulfate  from  the  water  pumped  from  the  mine  returns  a  large  amount 
of  copper,  which  tends  materially  to  reduce  the  expense  of  fighting  the 
fire.  One  of  the  remarkable  features  in  connection  with  this  work  has 
been  the  fact  that  although  the  work  is  of  an  extremely  dangerous 
nature  with  high  temperatures,  poisonous  gases,  hot  rock,  broken  and 
caving  territory,  and  difficulty  of  ventilation,  out  of  106,200  shifts 
worked  in  1919  and  1920,  there  were  but  six  major  accidents;  one  of 
which  was  fatal  while  the  other  five  occasioned  incapacity  for  over  two 
weeks.  This  is  a  record  of  which  any  company  might  be  proud  and 
indicates  that  accidents  can  be  prevented  if  proper  precautions  are  taken, 
for  the  work  is  being  done  under  probably  the  most  dangerous  conditions 
in  metal  mining  in  the  United  States. 

The  fire  fighting  at  the  Reins  mine  constitutes  one  of  the  most  inter- 
esting problems  in  present-day  metal  mining  and  neither  this  discussion 
nor  Mr.  Rahilly's  paper  has  brought  out  a  number  of  interesting  features 
that  have  been  encountered  and  handled. 

Robert  E.  Tally,  Jerome,  Ariz,  (written  discussion). — The  methods 
used  by  the  Anaconda  company  for  the  prevention  of  mine  fires  are  most 
effective.  ]\Iine  fires  may  occur  in  any  timbered  workings  and  their 
results  are  often  so  serious  that  we  should  use  not  only  preventative 
measures,  but  control  and  fire-fighting  methods.  Plans  should  be  made 
to  fight  a  fire  in  any  portion  of  the  mine^and  the  organization  responsible 
for  handling  the  fire  should  be  thoroughly  familiar  with  them,  in  order 
that  no  time  will  be  lost  should  a  fire  occur.  Perfect  control  of  air 
currents  is  most  essential,  for  these  currents  not  only  increase  the  extent 
of  the  fire,  but  endanger  the  men  in  the  path  of  the  currents  to  suffocation 
from  smoke. 
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Underground  Fire  Prevention  by  the  Anaconda  Copper 

Mining  Co. 

By  E.  M.  NoRRis,*  Butte,  Mont. 

(New  York  Meeting,  February,  1922) 

During  the  winter  and  spring  of  1917,  an  unprecedented  number  of 
underground  fires  occurred  in  the  Butte  district.  With  one  exception, 
these  fires  were  caused  by  the  failure  of  electrical  equipment,  and  called 
attention  to  the  increased  fire  hazard  in  underground  mining  operations 
occasioned  by  the  extensive  use  of  electricity. 

Five  local  conditions  that  contributed  toward  a  heavy  fire  risk  were : 

(1)  The    heavy    continuous    timbering    necessary   for  mine  supports; 

(2)  the  strong  ventilating  pressures  in  the  shafts  and  main  airways; 

(3)  the  subsidence  and  faulting  movements  in  the  country  rock,  which 
ruptured  cables  and  displaced  trolley  and  lighting  wires;  (4)  the  strongly 
acid  mine  waters,  which  quickly  developed  any  weak  points  in  the  elec- 
trical insulation;  (5)  oxidation  in  old  stopes  containing  large  amounts  of 
timber. 

In  the  summer  of  1917,  a  comprehensive  plan  of  fire  prevention  was 
begun  by  the  Anaconda  Copper  Mining  Co..  which  involved  a  thorough 
and  intensive  development  of  the  preventive  measures  then  in  use. 
These  were  as  follows:  Fireproofing,  remodeling  and  strengthening 
electrical  insulations,  extension  of  underground  water  system,  control  of 
ventilation,  maintaining  efficiency  of  fire-fighting  crews,  and  reorganiza- 
tion of  fire  patrol. 

In  considering  the  problems  of  fireproofing,  it  was  immediately 
apparent  that  some  method  of  applying  a  durable  coat  of  fireproof  material 
to  the  mine  timbers  was  needed.  The  first  experiments  were  made  with  a 
plaster  composed  of  one  part  cement,  one-half  part  fireclay,  and  three 
parts  sand.  This  was  apphed  by  hand  to  a  thickness  of  1  in.  (2.5  cm.) 
over  a  reenforcement  of  herringbone  metal  lath.  It  made  a  very  satis- 
factory covering  for  fan  stations,  but  was  too  soft  and  friable  for  traveling, 
ways,  where  it  was  subject  to  abrasion.  The  cement  gun  was  tried 
next  with  a  three  to  one  mixture  of  sand  and  cement.  A  H-in.  coating  of 
gunite  applied  over  poultry  netting  or  metal-lath  reenforcement  proved 
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to  be  durable  and  fire  resisting.     Preparations  were  then  made  to  fire- 
proof the  Tramway  No.  1  hoisting  shaft. 

This  was  a  four-compartment  shaft,  2475  ft.  (754  m.)  in  depth;  it  was 
lined  with  framed  shaft  sets  of  12-in.  (30  cm.)  fir  timber;  the  sets  were 
7  ft.  by  18  ft.  10  in.  over  all,  and  were  spaced  5  ft.  on  centers.  The  sets 
were  lagged  with  2-in.  pine  plank,  placed  against  the  rock  walls.  The 
timbers  and  lagging  were  covered  with  a  J^^-in.  coating  of  cement,  applied 
with  the  cement  gun  over  27-gage  diamond-mesh  metal  lath.  The  fire- 
proofing  operation  was  completed^  in  the  fall  of  1917.  Because  of  the 
success  of  this  operation,  it  was  decided  that  the  twenty-four  main 
hoisting  shafts  operated  by  the  Anaconda  company  in  the  Butte  dis- 
trict, not  already  so,  should  be  made  downcast  shafts  and  fireproofed 
along  these  lines;  also  that  the  same  treatment  should  be  given  all  surface 
tunnels  carrying  steam,  air,  and  electric  power  from  plant  to  mines. 

Twelve  type  N-I  cement  guns  were  procured  and  the  work  pushed 
as  fast  as  operating  conditions  would  allow.  One  or  more  shafts  at  a 
time  were  withdrawn  from  ore  production,  retimbered  where  necessary, 
and  fireproofed  under  the  direction  of  the  mine  foreman.  Each  foreman 
selected  a  crew,  from  among  his  shift  bosses  and  shaftmen,  who  were 
trained  at  one  of  the  mines  where  fireproofing  work  was  in  progress. 
The  work  was  carried  on  continuously  by  three  8-hr.  shifts.  The  crew 
for  each  shift  consisted  of  one  shift  boss;  six  shaftmen,  who  nailed  on  the 
metal-lath  reenforcement;two  nozzlemen  for  the  cement  gun;  two  runners 
for  the  cement  gun;  station  tenders;  topmen;  etc.  The  fireproofing  work 
has  been  completed  at  the  High  Ore,  Moonlight,  Tramway,  Rarus, 
Mountain  View,  Leonard,  and  Belmont  mines.  It  is  in  progress  at  the 
Pennsylvania  and  Diamond  mines,  while  preparations  are  being  made  at 
the  Original  and  East  Colusa  mines. 

Regarding  the  details  of  the  gunite  work,  some  general  conclusions 
may  be  summarized :  Poultry  netting  makes  satisfactory  reenf orcement 
for  covering  wooden  surface  structures  of  continuous  plane  surfaces, 
such  as  buildings  and  ore-bins;  expanded-metal  lathing  is  to  be  preferred 
where  much  fitting  is  necessary,  as  on  underground  timbering.  A  gunite 
covering  3^  to  %  in.  thick  on  wooden  surfaces  is  sufficient  for  fireproofing 
purposes.  The  sand  should  be  clean  and  should  be  screened  through  a 
screen  four  or  five  meshes  to  the  inch.  If  the  sand  is  very  dry,  it  does  not 
mix  well  with  the  cement;  6  to  10  per  cent,  moisture  is  best.  Moisture 
in  excess  of  15  per  cent,  is  liable  to  block  the  material  hose.  A  mixture  of 
three  parts  of  sand  to  one  of  cement  is  best.  A  water  pressure  of  at 
least  40  lb.  per  sq.  in.  is  desirable;  the  air  pressure  may  be  from  40  to  100 
lb.  per  sq.  in.,  but  the  air  should  be  dry.  The  working  air  pressure  in  the 
cement  gun  must  vary  with  the  distance  from  the  gun  at  which  the  nozzle 
is  being  used,  but  should  be  kept  as  low  as  will  keep  an  even  flow  of 
1  E.  M.  Norris:    Fireproofing  Mine  Shafts.     Trans.  (1919)  61,  201. 
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material  through  the  hose.  Using  a  50-ft.  material  hose,  the  pressure 
should  be  from  5  to  7  lb.  per  sq.  in.  The  limit  at  which  the  nozzle  can 
bo  used,  with  satisfactory  results,  is  about  200  ft.  vertical  or  500  ft. 
horizontal  distance  from  the  cement  gun.  Under  these  conditions,  the 
air  pressure  in  the  gun  will  be  from  25  to  35  lb.  per  sq.  in  It  is  important 
that  the  mixing  chamber  of  the  cement  gun  be  cleaned  out  every  second  or 
third  day  when  the  gun  is  used  continuously;  the  cement  finds  enough 
moisture  to  set  on  the  rotating  plate,  where  it  clogs  the  feeding  channels. 
A  3^-in.  mesh  screen  fastened  over  the  hopper  of  the  cement  gun  obviates 
many  delays.     There  should  be  at  least  one  experienced  man  in  a  cement- 


FiG.  1. — Karus  shaft  18  mo.  after  guniting  was  completed. 

gun  crew;  new  men  are  quickly  trained,  but  an  inexperienced  crew  gets 
very  poor  results.  The  figure  used  in  making  estimates  for  materials 
was  1  cu.  ft.  of  sand  to  73^  sq.  ft.  of  surface  gunited  ^  in.  thick. 

The  Tramway  shaft  has  had  33^  yr.  continuous  service  in  ore  produc- 
tion since  the  fireproofing  work  was  completed.  A  recent  inspection 
of  the  shaft  showed  that  the  timbers  from  the  surface  to  the  1600-ft. 
level  were  92.5  per  cent,  covered  with  gunite;  from  the  1600-ft.  to  the 
2800-ft.  level,  the  timbers  were  85  per  cent,  covered  with  gunite.  The 
depreciation  of  the  gunite  is  due  to  falling  rocks  from  overloaded  skips. 
In  wet  parts  of  the  shaft,  where  there  has  been  sufficient  ground  pressure 
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to  buckle  the  timber,  there  is  a  tendency  for  the  acid  mine  water  to  run 
between  the  timber  and  the  gunite  covering.  This  eats  away  the  nail 
fastenings  and  loosens  the  gunite.  The  damage  from  this  cause  has 
been  slight  up  to  date.  It  can  be  controlled  by  proper  attention 
to  drainage. 

Fig.  1  shows  the  Rarus  shaft,  taken  18  mo.  after  the  guniting  had 
been  completed.  The  cages  have  been  operated  about  one  third  of  the 
time;  the  shaft  is  dry  and  there  has  been  but  slight  movement  of  the 


Fig.  2. — Team  way  no.  1  shaft  after  3  yr.  hard  hoisting  service. 


timbers.  The  depreciation  of  the  gunite  is  hardly  noticeable.  Fig. 
2  shows  the  Tramway  No.  1  shaft  after  3  yr.  hard  hoisting  service. 
There  have  been  occasional  deluges  of  "copper  water"  in  the  shaft  from 
fire-fighting  operations;  ground  pressure  is  heavy  at  several  points. 
The  effect  of  these  conditions  on  the  gunite  can  be  seen  by  comparing 
Figs.  1  and  2.  It  will  be  noticed  that  the  gunite  is  cracked  and  that  the 
timbers  are  exposed  in  small  patches;  this,  however,  does  not  seriously 
affect  the  fireproof  qualities  of  the  covering  as  a  whole.     A  timbered 
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surface  tuunel  under  a  railroad  fill  had  been  gunited,  but  the  gunite 
covering  was  damaged  by  workmen,  who  found  it  necessary  to  remove 
numerous  small  portions  of  gunite.  The  flames  from  an  adjacent  surface 
fire  swept  through  the  tunnel  for  30  min.,  melting  the  lead  packing  from 
the  joints  of  a  16-in.  cast-iron  air  fine.  But  an  inspection  of  the  tunnel 
showed  that  though  the  timbers  had  been  burned  away  to  a  depth  of  1 
or  2  in.  wherever  the  gunite  had  been  removed,  there  was  no  tendency 
for  the  fire  to  spread  behind  the  gunite  covering. 


Fig.  3. — Gunited  drift  containing  power  cables. 


Gunite  has  been  applied  to  all  wooden  structures  adjoining  the 
mine  shafts;  including  ore-bins,  subways,  etc.  The  timbers  and  lagging 
in  the  shafts,  skip  chutes,  and  stations  have  been  covered  with  gunite; 
at  intervals  of  100  ft.,  the  lagging  has  been  removed  and  the  concrete 
covering  carried  back  to  the  rock  walls,  so  as  to  hermetically  seal  the 
timbers  into  sections  (see  upper  foreground,  Fig.  2).  This  should 
prevent  spread  of  fire  in  the  timber  between  the  rock  walls  and  the 
fireproof  covering.  In  the  underground  pump  stations,  the  timbers  have 
been  gunited  as  have  also  the  approaches  for  a  distance  of  50  ft.  or  more. 
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Rooms  for  switch  panels  have  been  cut  in  the  walls  adjacent  to  the  pump 
stations;  the  supports  for  the  roof  and  walls  of  the  switch  rooms  are  made 
of  structural  steel  and  concrete.  Transformer  and  motor-generator 
sets  are  also  isolated  in  rooms  supported  in  the  same  manner.  All 
crosscuts  or  drifts  carrying  power  cables  are  gunited  for  the  entire  length 
of  the  contained  cables,  see  Fig.  3.  Where  such  crosscuts  are  untimbered, 
the  rock  walls  are  covered  wuth  a  1-in.  coat  of  gunite;  this  prevents 
slacking  of  the  walls  and  roof.  The  underground  fan  stations  are  fire- 
proofed  with  gunite.  Where  possible,  timbers  are  left  out  and  the 
walls  covered  with  gunite.  The  air  passages  leading  from  the  shaft  to 
the  large  booster  fans  are  gunited  throughout.  The  guniting  is  carried 
for  75  ft.  beyond  the  exhaust  of  the  fans.     The  smaller  fans,  Nos.  23^-^, 


Fig.  4. — Gunited  fan  cha.mbek 


4,  and  6,  Sirocco,  are  enclosed  in  a  fireproof  covering,  and  one  or  more 
sets  of  adjoining  timbers  are  covered  with  gunite,  see  Fig.  4  The  tim- 
bers are  gunited  wherever  oil  or  blasting  powder  are  stored.  The  total 
amount  of  surface  gunited  to  date  is  as  follows : 

S4T7ARK  Yards 

Shafts 227,503 

Stations 46,426 

Pump  stations 5,179 

Fan  stations 3,072 

Transformer  stations 777 

Ore-bins  and  surface  buildings 14,624 

Subways  or  surface  tunnels. 22,369 

Total 319,950 
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The  electrical  equipment  of  the  mines  is  being  thoroughly  over- 
hauled. The  older  power  cables  have  been  replaced  by  new  steel-armored 
cables;  the  lighting  and  signal  cables  have  been  renewed;  especial  atten- 
tion has  been  given  to  the  manner  of  making  taps  in  the  power  lines  and  to 
the  junction  boxes  and  wiring  on  the  stations.  This  work  is  described  in 
detail  by  C.  D.  Woodward.  ^ 

The  underground  water  system  has  been  extended  so  that,  in  all  the 
larger  mines,  1}4  or  1-in.  water  lines  have  been  carried  into  each  drift, 
crosscut,  and  stope.  Water  is  obtained  from  the  city  water  system; 
it  is  carried  down  the  shaft  in  3  or  4-in.  water  columns.  At  each  under- 
ground station,  connections  on  the  water  columns  are  provided  for  stand- 
ard 234-in.  fire  hose.  Hydrostatic  pressure  in  the  water  columns  is 
kept  down  by  means  of  reducing  valves  or  tanks,  placed  at  intervals  of 
400  ft.  difference  in  elevation.  In  the  larger  installations,  tanks  are 
preferable,  as  they  provide  a  reserve  water  supply.  They  are  circular 
wooden  tanks  9  ft.  in  diameter  by  7  ft.  in  height,  and  hold  3000  gal.  of 
water.  They  are  equipped  with  a  float-and- valve  arrangement  which 
automatically  regulates  the  supply  and  maintains  the  water  level  within 
fixed  limits.  A  hose  house  is  located  on  the  surface  close  to  each  shaft, 
where  a  supply  of  about  1500  ft.  of  23-^-in.  hose  is  kept  available  for 
underground  use.  Pyrene  extinguishers  are  placed  on  each  station 
and  near  all  electrical  equipment. 

Control  of  ventilation  is  obtained  by  making  surface  fan  installations 
reversible  and  by  iron  or  cement  doors  placed  in  the  main  crosscuts  and 
in  the  connections  between  mines.  These  doors  are  set  in  concrete 
frames  and  can  be  made  gastight  by  chinking  with  fireclay  or  cement. 

Two  rescue  stations  are  maintained  by  the  Anaconda  Copper  Mining 
Co.  in  the  Butte  district.  No.  1  rescue  station,  situated  in  the  Anaconda 
mine  yard,  is  equipped  with  twenty-one  sets  of  Paul  breathing  apparatus 
and  serves  the  mines  in  the  central  and  western  portions  of  the  district. 
No.  2  rescue  station,  situated  in  the  Tramway  mine  yard,  serves  the 
mines  on  the  eastern  slope  of  the  Butte  hill;  it  is  equipped  with  fifty  sets 
of  Paul  breathing  apparatus.  It  is  also  used  as  a  training  station;  see 
Fig.  5.  Some  nearby  surface  workings  available  for  training  work  make 
it  possible  to  give  training  under  approximately  fire  conditions.  A  crew 
of  from  six  to  thirty  helmet  men  is  maintained  at  each  mine;  these  men 
work  as  miners  or  timbermen  when  not  actively  engaged  in  fire  fighting. 
Recruits  are  trained  by  the  instructor,  who  is  in  charge  of  the  station; 
the  course  prescribed  by  the  U.  S..  Bureau  of  Mines  is  used.  Men  who 
have  been  previously  trained  are  given  6  hr.  practice  once  every  6  mo. 
About  400  trained  helmet  men  are  in  the  Butte  district. 


'Power  Distributing  System  for  Deep  Metal  Mines.    See  p.  86. 
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The  older  system  of  fire  patrol  was  organized  upon  the  principle  of 
having  from  two  to  six  underground  watchmen  (firebugs)  at  each  mine. 
These  men  patroled  the  workings  continuously  while  on  shift;  their  hours 
were  arranged  so  as  to  include  the  intervals  between  the  operations  of 
the  two  8-hr.  mining  crews.  The  beats  were  necessarily  long  and  several 
hours  elapsed  before  they  could  cover  the  workings  deserted  by  the 
day  or  night  shift.  Under  the  present  system,  each  shift  boss  is  respon- 
sible for  the  fire  patrol  of  his  beat.  With  the  aid  of  an  assistant,  chosen 
from  among  the  repairmen  of  his  crew,  he  covers  his  beat  immediately 
after  the  shift  goes  off;  the  assistants  are  trained  helmet  men.  They  go 
on  shift  1  hr.  later  than  the  regular  crew  and  receive  a  bonus  of  10  per 
cent,  over  miner's  wages.     Under  the  operation  of  this  sj'stem,  a  force  of 
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[Fig.  5. — Plan  of  Tramway  rescue  and  training  station;  storeroom  for 
supplies  is  in  basement  and  classroom  is  on  second  floor. 


from  eight  to  twelve  men  patrols  each  mine  immediately  after  the  shift 
goes  off.     The  entire  mine  is  covered  within  an  hour. 

The  foregoing  preventive  measures  have  proved  their  efficacy.  The 
gunite  coating  has  stood  up  under  several  tests.  In  the  Leonard  shaft  in 
July,  1920,  the  insulation  of  an  old  power  cable  broke  down  and  an  arc 
set  fire  to  the  shaft  ladtlor;  several  lengths  of  the  ladder  were  burned 
before  the  fire  was  put  out.  The  shaft  timbers,  however,  which  had 
been  gunited,  were  not  damaged.  A  number  of  motors  on  small  ventilat- 
ing fans,  which  were  surrounded  by  gunited  timbers,  have  been  short 
circuited  and  burned  up  without  damage  to  the  mine  timbers.  On 
numerous  occasions,  the  advantage  of  having  an  underground  water 
supply  available  has  been  demonstrated.  Fires  have  been  put  out  before 
they  had  time  to  spread  and  get  out  of  control.  In  1917,  at  the  Tramway 
mine,  the  prompt  closing  of  the  proper  firedoors  turned  a  rush  of  gas  into 
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the  upcast  shaft  and  enabled  the  men  on  shift  to  be  removed  from  the 
mine  without  a  single  casualty;  without  such  action,  a  serious  loss  of 
life  might  have  resulted.  The  mine  bosses  should  become  thoroughly 
famihar  with  the  ventilation  of  their  mine.  It  is  good  practice  for  a  mine 
foreman  to  give  his  bosses  theoretical  problems  in  ventilation,  based  on 
the  supposition  of  a  fire  in  different  parts  of  the  mine.  The  methodical 
training  of  Butte  fire-fighting  crews  has  resulted  in  high  efficiency,  and 
they  have  been  frequently  called  upon  for  service  in  neighboring  states, 
where  they  have  done  most  satisfactory  work. 

{Discussion  of  this  paper  begins  on  pa>je  72.) 
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Power  Distributing  System  for  Deep  Metal  Mines 

By  C.  D.  Woodward,  Butte,  Mont. 

(New  York  Meeting,  February,  1922) 

The  Anaconda  Copper  Mining  Co.  purchases  25,000  kw.  of  electric 
power  for  its  mining  operations  at  Butte,  Mont.  This  power  is  deUvered, 
over  dupHcate  feeders,  in  the  form  of  60-cycle,  2400-volt,  three-phase 
current,  to  five  compressor  plants,  where  most  of  the  energy  is  used  for 
driving  air  compressors.  At  the  compressor  plants  are  located  the 
switching  apparatus  for  controlhng  the  2400-volt  power  and  distributing 
it  to  the  various  mines.  At  these  points,  also,  there  are  a  number  of 
motor-generator  sets  for  converting  the  alternating  current  to  275-volt 
direct  current  for  the  haulage  systems.  Pole  lines  convey  the  power 
from  the  compressor  plants  to  outdoor  transformer  substations  at  most 
of  the  mines.  When  it  is  not  economical  to  distribute  the  power  at  the 
lower  voltages  in  the  mines,  transformers  and  motor-generator  sets  are 
placed  at  strategic  points  underground. 

All  power  is  purchased  on  a  maximum-demand  basis;  therefore  there 
is  installed  at  one  of  the  compressor  plants  an  eight-element  totalizing 
graphic  wattmeter.  This  instrument  records  simultaneously  the  value 
of  all  power  taken  at  the  numerous  points  of  delivery,  which  not  only 
eliminates  the  diversity  factor  but  permits  load  dispatching  between  com- 
pressor and  pumping  plants,  and  thus  materially  reduces  the  maximum 
demand  from  the  power  system.  As  most  of  the  mine  hoisting  is  done 
by  90-lb.  compressed-air  winding  engines,  the  air-compressor  equipment 
for  the  winding  engines  and  mining  operations  is  quite  extensive.  The 
standard  air  compressor  has  a  rating  of  7500  cu.  ft.  per  min.  of  free  air, 
and  most  of  the  compressors  are  directly  connected  to  synchronous  motors. 
The  synchronous  motors  are  designed  for  80  per  cent,  loading  power 
factor,  thus  facilitating  power-factor  correction  of  total  mine  load.  Con- 
sequently by  cooperation  with  the  power  company,  the  voltage  of  the 
power  received  at  the  compressor  plants  is  constant. 

In  the  mines  there  are  installed  an  induction  motor  load  of  approxi- 
mately 10,000  hp.,  and  4500  kv.-a.,  in  transformer  capacity.  It  is  the 
practice  to  install  2200-volt  motors  in  the  mines,  except  those  rated  below 
50  hp.,  hence  there  are  in  operation  underground  about  5000  hp.,  in  the 
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higher  voltage  motors,  and  approximately  the  same  horsepower  in  motors 
wound  for  440  volts.  Approximately  50  per  cent,  of  the  motor  load  in  the 
mines  is  required  for  pumping  operations;  the  remainder  is  used  for  mine 
ventilation  and  haulage  purposes. 

When  the  mines  were  shallow,  pumping  and  ventilation  did  not  pre- 
sent a  serious  problem,  so  the  underground  electrical  installations  were 
comparatively  simple.  As  the  mines  were  developed  and  deepened,  greater 
pumping  facilities  were  essential.  Steam  pumps  were  replaced  by  those 
driven  by  electric  motors;  and  the  installation  of  a  number  of  fans  under- 
ground made  necessary  the  distribution  of  large  quantities  of  electric 
energy. 

In  the  early  electrical  installations,  lead  or  cotton  braided  armored 
cables  were  clamped  by  wooden  cleats  to  the  timbers  of  the  mine  shafts. 
A  number  of  cable  failures  and  fires  resulted  from  this  practice,  because 
the  cable  armor  did  not  have  sufiicient  mechanical  strength  to  support 
the  cable  or  resist  the  impact  when  struck  by  material  falling  through  the 
shaft.  The  cable  armor  was  frequently  pulled  apart  or  puncture  d,  allow- 
ing water  to  enter;  in  time  this  caused  insulation  failure  and,  conse- 
quently, destroyed  a  section  of  the  cable  or  ignited  adjacent  combustible 
material.  The  safety  and  reliability  of  the  electrical  service  in  the  mines 
is  dependent,  to  a  great  extent,  on  the  electrical  cable  installations; 
therefore  a  number  of  improvements  have  been  made. 

At  all  mines  where  power  is  required  underground,  the  operating  shafts 
have  a  gunited  pump  compartment  provided  with  ladders;  these  com- 
partments are  used  for  the  feeder  cable  ducts.  At  each  level  where  the 
cables  are  tapped,  an  offset  or  fireproof  room  is  constructed  and  furnished 
with  latticed  iron  doors.  This  room  contains  the  junction  boxes,  switches 
and  transformers.  To  provide  sufficient  mechanical  strength  for  the 
electric  cables,  when  they  are  supported  in  a  vertical  position,  a  lead- 
jacketed,  steel-armored  cable  has  been  adopted.  In  shafts  that  are 
upcast  or  where  the  cable  is  subjected  to  acidulous  waters,  each  strand  of 
the  steel  armor  is  lead  covered.  This  type  of  cable  is  supported  by  cast- 
iron  cleats  covered  with  cement,  or  a  hardwood  clamp  fixed  to  the  mine 
timbers  with  bronze  lagscrews,  set  approximately  10  ft.  apart. 

Cables  installed  in  the  pump  compartments  are  always  exposed  and 
liable  to  an  accident  in  the  shaft.  Where  greater  safety  and  reliability 
is  required,  the  electric  cables  should  be  put  down  through  diamond- 
drill  holes.  Considerable  care  must  be  exercised  in  locating  these  holes, 
to  avoid  passing  through  "bad"  ground.  The  Anaconda  Copper  Mining 
Co.  at  Butte  has  placed  the  drilling  of  these  under  the  supervision  of 
the  geological  department  and  this  department  has  been  successful  in 
locating  the  holes  so  that  they  pass  through  fresh  and  unaltered  granite; 
when  a  fault  is  encountered,  a  transfer  across  the  fault  is  made  on  the 
mine  level. 
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A  typical  modern  electrical  underground  installation  is  located  at  the 
High  Ore  mine.  Here  the  switching  apparatus  and  cable  installation  is 
particularly  interesting,  because  a  departure  has  been  made  from  the 
usual  practice.  As  shown  in  the  one-wire  diagram,  Fig.  1,  six  main  cir- 
cuits from  the  compressor  plant  are  taken  down  the  mine  and  terminate 
on  the  2800-ft.  and  3400-ft.  levels.     The  pumping  plants  are  on  three 
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4/p  SOOOV.-V.C-Steel Armored  Cable 
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are  ordered  from  Stendard  Urdeiground  Co. 


Fig,  1. — One  line  diagram  of  High  Ore  mine  power  cables  and  circuits. 

levels,  approximately  1000-ft.  apart.  The  five  2400-volt,  steel-armored 
cables  are  tapped  at  these  points  and  branches  carried  into  the  pump 
stations.  Four  of  the  cables  used  for  transmitting  power  to  the  pumps 
in  each  pumping  station  are  connected  to  a  common  station  busbar.  The 
fifth  cable  extends  into  each  pump  room  to  the  transformer  equipment, 
which  delivers  power  for  operating  the  fans.  The  power  for  operating 
the  275-volt  haulage  system  is  taken  from  the  sixth  steel-armored  cable, 
which  is  tapped  at  the  mine  levels  where  the  mining  locomotives  are  used. 
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In  the  basement  of  the  compressor  plant  there  is  a  current-limiting 
reactance  connected  in  series  with  busbars  that  feed  all  2400-volt  circuits 
entering  the  mine.     On  the  structure  supporting  the  bu'-bar  in  the  com- 


FiG.  2. — -Oil  switches   and   current-limiting   reactance   for   2400-volt  mine 

CABLES. 


Fig.  3. — Splicing   chamber,   showing   pothead   supporting   a   diamond-drill 

HOLE   CABI,E    at   SURFACE. 

pressor  plant  are  the  disconnecting  switches  and  electrically  operated  oil 
circuit  breakers,  Fig.  2.    This  apparatus  is  controlled  from  a  switchboard 
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on  the  main  floor  of  the  compressor  plant;  the  six  mine  circuits  are  con- 
nected to  lead-armored  cables  through  inverted  potheads;  the  cables  are 
then  run  through  an  underground  fiber  conduit  system  that  ends  in  a 
spHcing  chamber,  Fig.  3,  near  the  mine  shaft.  At  this  point,  two  cables 
are  taken  down  diamond-drill  holes,  while  the  other  four  enter  a  gunited 
cable  compartment  and  are  taken  down  the  mine  shaft.  The  diamond- 
drill  holes  are  3^^2-in.  (7.85  cm.)  bore  and  extend  to  the  2800-ft.  (853  m.) 
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4. — Diamond-drill  hole  cable 
support  on  2200-ft.  level. 


Fig.  5. — Method  of  supporting  short 
lengths    of    cable    in    diamond-drill 

HOLE. 


level.  The  cables  installed  in  the  diamond-drill  holes  are  2.92  in.  (7.31  cm.) 
in  diameter  and  made  up  of  three  400,000  cir.  mil  stranded  conductors, 
insulated  with  varnished  cambric,  for  a  working  pressure  of  5000  volts, 
lead  jacketed,  over  which  is  a  covering  of  galvanized  steel  armor  bedded 
on  asphalted  jute.  The  cable  has  sufficient  strength  to  support  itself  in 
600-ft.  (182  m.)  lengths  when  hung  vertically.  For  supporting  the  long 
lengths  of  cable  hung  in  the  diamond-drill  holes,  a  special  pothead  has 
been  used,  Fig.  4;  this  supports  the  cable  conductors  as  well  as  each 
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strand  of  the  steel  armor.     To  hold  the  short  lengths  of  cable,  a  clamp 
like  that  shown  in  Fig.  5  was  used. 

Inasmuch  as  it  was  necessary  to  tap  all  the  cables  on  various  levels, 
junction  boxes  were  installed  and  a  means  provided  therein  for  disconnect- 
ing the  conductors  should  it  be  desirable  to  test  or  keep  a  section  of  a 
cable  in  service.  Fig.  6  shows  four  of  the  junction  boxes  installed  on  the 
gunited  shaft  timbers  outside  of  the  cable  compartment,  and  tapped  for 
branch  circuits  leading  into  the  pump  station  on  the  1200-ft.  level.  In 
the  cable  compartment,  the  cables  are  supported  by  cast-iron  clamps  set 
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Fig.  6. — Junction  boxes  supported  on  shaft  timbers  on  1200-ft.  level. 


on  15-ft.  centers.  During  the  winter  months,  ice  accumulates  on  the 
cables  from  the  collar  of  the  shaft  to  a  depth  of  about  300  ft.;  in  this  part 
of  the  shaft  the  cables  are  supported  every  5  ft.,  to  withstand  the 
additional  ice  load. 

On  the  first  two  pumping  levels  of  the  High  Ore  mine,  there  are 
installed  five,  quintuplet,  vertical,'  600-gal.  (2271  1.)  1000-lb.  (453  kg.) 
pumps.  The  third,  or  2800-ft.  level,  as  shown  in  Fig.  7,  has  an  installa- 
tion of  four  pumps.  Each  pump  is  gear  driven  by  two  150-hp.,  2200- 
volt,  induction  motors.  For  the  control  of  the  circuits  supplying  the 
pumps,  a  simple  switching  arrangement  at  each  station  permits 
power  to  be  supplied  from  any  one  or  all  of  the  four  cables.     Should  all 
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four  circuits  be  operated  in  parallel  and  a  disturbance  occur  on  any  one 
circuit,  directional  relays  are  provided  at  various  points  to  select  and 
disconnect  the  defective  cable- 
Normally  the  four  cables  are  charged,  one  circuit  furnishing  power 
for  each  pumping  level,  with  a  spare  circuit  for  any  one  of  the  pumping 
stations,  if  a  cable  should  fail.  However,  two  cables  will  transmit  the 
present  pumping  load  indefinitely.  The  switching  apparatus  is  installed 
in  concrete  rooms  that  open  into  each  pumping  plant.  The  switch- 
boards are  the  safety-first  or  removable-truck  type.  Fig.  8  illustrates 
one  installation  on  the  2200-ft.  level.  Each  switchboard  panel  is 
mounted  on  a  four-wheeled  truck,  together  with  the  main  switch,  instru- 
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Fig.  7. — Electrically  driven  pumps,  2800- ft.  level  of  High  Ore  mine. 


ment  transformers,  and  wiring  connections;  and  is  pushed  into  a  tank- 
steel  compartment  containing  the  busbars  and  cable  terminals,  where 
provision  is  made  for  connecting  all  the  apparatus  into  circuit.  The  live 
parts  are  enclosed  and  cannot  be  worked  upon  unless  the  truck  is  with- 
drawn from  the  compartment;  this  necessitates  opening  the  oil  switch 
before  any  circuits  are  exposed  for  inspection.  In  addition  to  being  safe 
to  operate  in  underground  stations,  this  type  of  switch  gear  permits  the 
installation  of  a  moderate  capacity  oil  switch  in  an  enclosed  cell  without 
using  concrete,  which  sometimes  is  undesirable  because  of  ground  move- 
ment. A  switchboard  panel  is  shown  open  for  inspection  in  Fig.  9,  while 
the  others  are  connected  into  circuit.  The  cables  enter  the  switchboards 
from  below  the  floor  at  the  back  of  the  steel  compartment,  where  there  is 
a  concrete  runway  in  which  the  cables  lie  embedded  in  loose  sand.     This 
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method  is  also  used  on  mine  levels  where  the  diamond-drill  hole  cables 
cross  faults,  except  that  the  loose  sand  is  covered  with  a  6-in.  slab  of  con- 


FiG.  8. — Truck-type  switchboard  on  2200-ft.  level  of  High  Ore  mine. 


Fig.  9. — Truck-type  switchboard  with  switch  gear  withdrawn  for  inspection 

ON  2200-FT.  LEVEL  OF  HiGH  OrE  MINE. 

Crete.  This  arrangement  permits  the  ground  to  move  without  stressing 
the  cable  sheath,  and  in  the  event  of  a  cable  failure,  none  of  the  other 
cables  are  disturbed. 
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The  control  of  each  pump  is  accomplished  by  one  300-hp.  compen- 
sator, which  start  the  two  motors  simultaneously.  Each  compensator 
is  connected  to  a  busbar  through  disconnecting  switches;  the  arrangement 
is  shown  in  Fig.  10.  This  permits  the  compensator's  removal  from  the 
live  circuits  and  eUminates  any  danger  of  an  accident  while  working  on 
the  electrical  or  pumping  equipment.  The  compensators  are  furnished 
with  ammeters,  overload  relays,  and  push  buttons  for  stopping  the  motors. 
To  expedite  the  finding  of  a  defective  pump  on  the  pumping  system,  an 
ammeter  is  desirable  in  each  motor  circuit.  This  allows  the  pumpman 
to  determine  easily  the  faulty  pump. 


Fig.  10. — Compensator  installation  for  pump  motor  on  2800-ft.  level  of  High 

Ore  mine. 


Although  the  haulage  system  is  operated  over  a  ground  return,  the 
275-volt  direct  current  suppUed  to  the  trolleys  throughout  the  mine  is 
transmitted  over  a  two-conductor  cable.  The  haulage  cable  is  insulated 
with  varnished  cambric  (for  a  working  pressure  of  1200  volts),  lead  jacket- 
ed, and  steel  armored.  This  cable  is  installed  in  the  gunited-shaft  com- 
partment beside  the  2400-volt  power  cables.  At  each  level  where  mine 
locomotives  are  used,  the  cable  is  brought  out  to  the  station  and  passed 
through  junction  boxes  equipped  with  two  terminals.  One  terminal  is 
grounded  for  the  rail  connection,  the  other  is  arranged  for  a  single-conduc- 
tor lead-jacketed  cable  that  connects,  through  a  safety  switch  and  magnetic 
blow-out  circuit  breaker,  to  the  trolley  wire.  The  safety  switches,  hke 
the  junction  boxes,  were  designed  for  mine  installations  where  there  is 
considerable  drip.     The  safety  disconnecting  switch  is  enclosed  in  a  cast- 
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iron,  weatherproof  box,  with  a  shed  top.    The  handle  is  arranged  so  that 
it  can  be  locked  in  the  off-position. 

To  protect  the  cable  from  insulation  stresses  due  to  static  or  high- 
voltage  disturbances,  oxide  film  lightning  arresters  are  connected  to  the 
busbars  at  each  pumping  station.  This  type  of  lightning  arrester  is 
better  suited  to  underground  mining  installations  than  the  electrolytic, 
because  there  is  no  electrolyte  to  evaporate  in  the  warm  underground 
pump  rooms  and  charging  operations  are  not  necessary.  For  the  2400- 
volt  circuit,  twenty  oil  circuit  breakers  rated  at  800  amp.  and  15,000  volts 
were  used.  In  addition  57,000  ft.  of  lead-jacketed  steel-armored  cable, 
together  with  the  usual  complement  of  wiring  devices,  were  necessary. 
The  basis  for  this  electrical  distribution  system  was  eleven  pumps,  but 
provision  was  made  in  the  initial  installation  for  double  this  number. 
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Electric  Signal  Installations  in  Butte  Mines 

Bv  C.  D.  Woodward,*  Botte.  Mont. 

(New  York  Meeting,  February,  1922) 

The  subject  of  electric  signals  for  the  despatching  of  mining  cages 
through  shafts  has  received  considerable  attention  recently  from  various 
mining  companies.  The  Anaconda  Copper  Mining  Co.  has  found  it 
necessary  to  develop  a  system  that  is  rehable,  safe  and  simple  in  operation, 
and  easy  to  repair.  The  movement  of  all  mine  cages  or  skips  is  under  the 
direction  of  a  station  tender,  who  rides  on  the  cages  when  men  or  supplies 
are  being  lowered  or  raised;  when  ore  is  hoisted,  he  is  stationed  at  a 
skip  pocket  for  loading  and  despatching  the  skips. 

For  the  station  tender's  use,  two  signal  sj'-stems  are  installed  in  each 
hoisting  compartment,  and  he  is  the  only  employee  authorized  to  use 
them.  One  system  is  known  as  the  "  AC  "  or  station  bells,  as  it  is  operated 
from  the  110-volt,  60-cycle,  power  service;  the  other  system,  called  the 
"  DC  "  or  shaft  bells,  takes  its  energy  from  closed-circuit  primary  batter- 
ies. As  a  supplement  to  the  two  main  signals,  a  buzzer  system  is  installed. 
The  general  arrangement  is  similar  to  the  main  signal,  except  that  there 
is  a  mine  buzzer  at  each  station.  When  a  signal  switch  connected  into 
the  buzzer  system  is  pulled  down,  all  buzzers  are  operated,  thus  notifying 
the  station  tender  that  he  is  wanted  at  some  particular  level. 

Placed  on  the  station  posts,  and  within  easy  reach  of  the  men  on  the 
cages  are  the  signal  pull  switches  for  the  main  signals.  The  station,  or 
"AC,"  pull  switches  are  furnished  with  a  short  rope,  as  shown  in  Fig.  1, 
while  the  shaft,  or  "DC,"  pull  switches  are  equipped  with  ropes  that 
extend  down  the  shaft  past  the  next  station.  To  avoid  all  confusion 
in  the  use  of  the  three  signal  systems,  a  standard  arrangement  has  been 
adopted  in  all  mines  for  the  location  of  the  pull  switches.  Fig.  2  illus- 
trates the  position  of  the  pull  switch  at  the  various  mine  stations  for  the 
main  signal  systems,  but  it  does  not  show  the  buzzer  pull  switch;  this  is 
fixed  to  the  roof  timbers  about  25  ft.  back  from  the  shaft.  If  the  skip 
pockets  are  a  considerable  distance  below  the  station,  a  pull  switch  for 
each  main  shaft  compartment  is  connected  to  the  "AC"  system  and 
placed  at  this  point.  However,  if  the  distance  is  short,  a  Hght  cord  is  at- 
tached to  the  station  pull  switches  and  dropped  down  to  the  skip  pocket. 


*  Chief  Electrical  Engineer,  Anaconda  Copper  Mining  Co. 
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To  facilitate  the  sending  of  signals  from  any  point  in  the  shaft  during  the 
repairing  or  inspection  period,  the  long  rope  hung  from  the  "DC"  pull 
switches  at  the  stations  is  used. 

On  one  side  of  the  engineer's  stand  are  three  bells  for  the  three  sets 
of  station  pull  switches;  on  the  other  side  are  three  additional  bells  for  the 
three  sets  of  "DC"  shaft  pull  switches.  The  bells  have  different  tones 
so  that  the  engineer  can  tell  whether  the  signal  is  sent  from  either  of  the 


Fig.  1. — Typical  signal-pole  switch-station  installation. 

main  shafts  or  the  auxiliary  shaft.     In  addition  to  these  six  bells,  there 
is  a  buzzer  operated  by  the  buzzer  signal  system,  Fig.  3. 

The  electrical  connections  for  the  "AC"  signals  and  the  buzzer 
system  are  shown  diagrammatically  in  Fig.  4.  Each  bell  on  the  engineer's 
platform  is  connected  in  parallel  with  a  lamp,  and  in  series  with  a  double- 
pole  switch.  If  one  of  the  signal  wires  or  station  pull  switches  becomes 
short  circuited  or  grounded,  thus  causing  the  single  stroke  bell  to  be  held 
up,  it  can  readily  be  disconnected  from  the  circuit.     The  lamp,  however, 
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will  remain  lighted  and  indicate  when  the  trouble  is  removed.  The 
buzzer  system  also  has  this  arrangement,  except  that  no  lamp  is  used; 
but  a  push  button  is  provided  on  the  engineer's  platform  so  that  a  return 


Note.. Pull  Switchss  for  Buzzer  System  are  Set 
25  Ft. Back  from  Main  Sbaft  on  each  Station. 


Fig.  2. — Mine  signal  system  of  Anaconda  Copper  Mining  Co. 
signal  may  be  despatched  to  each  station  in  the  mine,  which  permits  the 
engineer  to  call  the  station  tender.     Only  four  wires  of  each  six  conductor 
cable  are  in  use  for  the  main  signals;  the  other  two  w^ires  in  the  "AC" 


Fig.  3. 


-Bells,  telephone,  and  buzzer  installation  on  hoisting  engineer  s 

platform. 


signal  cable  supply  energy  to  the  lamps  in  the  junction  boxes,  while  in 
the  "DC"  signal  cable  a  2500-ohm  mine  telephone  is  bridged  across  the 
spare  circuit  at  each  mine  station.     The  connections  for  the  "DC," 


1 


1 


C.    D.    WOODWARD 


99 


or  shaft  signals,  are  similar  to  the  "AC"  signals  shown,  except  that  an 
Edison  primary  battery  of  approximately  40  volts  supplants  the  trans- 
former. At  times,  a  special  relay  has  been  connected  between  the  bells 
in  the  engine  room  and  shaft  signal  circuits  of  the  "DC"  system,  thus 
reducing  the  number  of  batteries.  The  relay,  however,  introduces  com- 
plications and  is  not  reliable;  therefore  its  use  has  not  been  general. 
Starting  from  the  engineer's  platform,  where  the  signal  bells,  lights 
and  buzzer  are  located,  three  cables  extend  into  the  mine  and  terminate 
in  junction  boxes  at  the  first  station.     From  this  point  the  cables  are 
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Fig.  4. — Standard  arrange  mbnt  of  pull  switches. 

continued  from  station  to  station,  passing  through  junction  boxes,  Fig. 
5,  wherein  they  are  tapped  for  the  pull  switch  connection.  Each  main 
signal  cable  contains  six  flexible  No.  12,  A.W.G.  conductors,  while  the 
buzzer  cable  has  three  No.  8,  A.W.G.  flexible  conductors.  The  individual 
cable  conductors  are  insulated  with  rubber  for  600  volts,  and  have  different 
colored  cotton  braids  for  distinguishing  purposes.  The  multiple  conduc- 
tor cables  are  protected  by  a  Ke-i^i-  lead  sheath,  a  layer  of  soft  jute  run 
through  hot  tar,  and  two  steel  tapes  applied  in  the  reverse  direction, 
over  which  is  a  layer  of  hard  twisted  jute  saturated  with  asphalt  coated 
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with  soapstone.  The  two  wires  extending  from  the  junction  boxes  to  the 
pull  switches  are  soUd  No.  12,  A.W.G.  insulated  with  rubber  having 
different  colored  cotton  braids,  laid  parallel  and  covered  with  a  ^ie-in. 
(1.58  mm.)  lead  sheath. 

The  vertical  cables  in  the  shaft  are  in  a  separate  compartment  and 
supported  by  cast-iron  cleats  set  on  30-ft.  centers,  except  within  300  ft. 
of  the  collar  of  the  shaft  where  ice  may  accumulate  during  the  winter; 
here  the  cleats  are  placed  15  ft.  (4.5  m.)  apart. 

The  junction  boxes  are  of  cast  iron,  with  a  hinged  door  that  is  held 
closed  against  a  tubular  rubber  gasket  by  wing  nuts.  The  cable  entrances 
are  also  sealed,  thus  making  the  boxes  watertight.  When  the  junction 
box  is  used  for  the  main  signals,  it  is  equipped  with  an  oiled  slate  panel 


Fig.  5. 


-Junction-box  installation  on  main  and  buzzer  cables,  showing  one 
box  open  for  inspection. 


on  which  are  mounted  brass  terminals  with  bronze  spring  test  links  for 
each  wire  of  the  six  conductor  cable.  The  boxes  for  the  buzzer  signals 
are  similar,  but  the  panels  are  arranged  for  a  three-conductor  cable  and 
contain  an  alternating-current  mine  buzzer  without  the  cover.  For  the 
purpose  of  keeping  the  interior  of  the  junction  box  dry  and  to  indicate  a 
power  failure  on  the  "AC"  or  buzzer  system,  a  10-watt  lamp  is  placed  in 
a  standard  receptacle  set  directly  back  of  a  boss  on  the  door,  fitted  with  a 
green  glass. 

The  layout  of  the  signal  systems  and  the  special  apparatus  described 
have  bean  developed  after  considerable  study  to  meet  the  service  conditions 
in  the  Butte  mines. 
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Electric  Haulage  Systems  in  Butte  Mines 

By  C.  D.  Woodward,*  Butte,  Mont. 

(New  York  Meeting,  February,  1922) 

Prior  to  1902,  the  tramming  of  ore  from  the  stopes  to  the  shafts,  in 
the  Butte  mines,  was  done  by  man  or  animal  power,  but  the  demand  for 
greater  tonnage  and  the  need  for  more  improved  methods  of  tramming 
the  ore  resulted  in  the  installation  of  the  compressed-air  locomotive  in 
a  few  mines.  Some  of  the  objections  to  animal  haulage  were  thus 
eliminated,  but  this  locomotive  was  not  generally  adopted,  because 
of  a  number  of  limiting  features.  It  was  superseded  by  the  electric 
trolley  locomotive. 

The  early  types  of  trolley  locomotives  were  not  satisfactory  from  the 
operators'  viewpoint,  but  they  had  many  economic  advantages  and 
after  a  number  of  years,  in  which  improvements  were  constantly  made  in 
the  structural  details,  they  became  dependable,  so  that  the  use  of  animals 
for  main  haulage  in  the  mines  has  now  been  practically  abandoned. 

There  are  now  operating  in  the  Butte  mines  of  the  Anaconda  Copper 
Mining  Co.,  185  trolley-type  locomotives,  each  of  which  has  replaced 
five  animals.  It  cost  approximately  $50  per  month  to  keep  an  animal, 
hence  the  economies  that  resulted  fully  justified  the  expenditure  of 
electrifying  the  haulage  systems. 

The  haulage  conditions  in  this  company's  mines  possess  many 
advantageous  features  that  are  not  always  found  in  underground  mine 
workings.  The  drifts  and  crosscuts  are  large,  approximately  5  ft. 
(1.5  m.)  wide  by  73^  ft.  (2.3  m.)  high,  and  have  curves  of  no  less  than 
18  ft.  (5.5  m.)  radius;  and  the  roadbeds  of  the  drifts  and  crosscuts  have 
a  uniform  grade  of  0.5  per  cent,  toward  the  shaft,  or  in  favor  of  the  loaded 
trips.  In  all  of  the  mines,  except  two,  the  track  gage  is  18  in.  (45.7  cm.), 
and  all  tracks  in  the  main  haulage  ways  are  laid  with  25-lb.  (11.3  kg.) 
rails.  The  stations  at  the  shaft  are  large,  well-lighted,  clean,  and  cool. 
The  average  temperature  of  the  stations,  however,  is  about  75°  F. 
(24°  C),  while  the  average  temperature  in  some  of  the  drifts  and  cross- 
cuts is  92°  F.  (33.5°  C). 

As  the  orebodies  lie  at  varying  distances  from  the  hoisting  shafts, 
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the  length  of  hauls  are  not  fixed,  although  the  distance  in  all  of  the 
mines  over  which  the  ore  is  trammed  is  about  the  same.  While  the 
average  haul  is  1500  ft.  (457  m.),  a  number  of  hauls  are  approximately 
3000  ft.  long. 

Usually  a  train  consists  of  ten  loaded,  roller-bearing  cars;  the  number 
of  cars  per  train  is  limited  by  the  space  available  at  the  stations.  Each 
car  weighs,  when  empty,  900  lb.  (408  kg.)  and  holds  14  cu.  ft.  (0.39  cu.  m.) 
of  ore,  which  weighs  about  1800  lb.;  thus  the  total  weight  of  a  train 
without  the  locomotive,  is  133-^  tons.  Normall}^,  ten  trips  of  ten  cars  of 
ore  each  are  required  per  shift  of  8  hr.  on  each  mine  level;  this  does  not 
include,  however,  the  tramming  of  waste  or  supplies.  When  waste  is 
handled,  the  amount  required  on  each  level  is  variable;  it  also  varies 


Fig.  1. — 3H-TON,  IS-iN.  gage,  trolley  aiixe  locomotive. 


from  day  to  day.  In  general,  the  waste  is  hauled  during  the  time  the 
ore  haulage  is  light,  as  the  material  is  usually  trammed  from  the  shaft 
to  the  stopes  for  back-fill,  which  is  against  the  grades.  During  a  working 
day,  the  locomotives  are  in  service  16  hr.,  hauling  an  average  of  245 
loaded  cars,  and  returning  the  same  number  of  empties. 

Under  normal  conditions,  a  mine  locomotive  built  for  a  drawbar 
pull  of  750  lb.  would  perform  the  work  that  has  been  outlined.  To 
obtain  the  mechanical  strength  for  resisting  the  abuse  to  which  a  mine 
locomotive  is  always  subjected,  larger  equipment  has  been  installed. 
The  trolley  locomotives  now  in  service  have  a  drawbar-pull  rating  of 
1450  lb.  at  a  speed  of  5.3  mi.  per  hr.,  and  weigh  3}i  tons.  Most  of  them 
are  the  bar-steel  frame  style.  Fig.  1,  equipped  with  two  250-volt  motors, 
that  drive,  through  single  reduction  gears,  four  chilled  cast-iron  wheels. 
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The  chilled  cast-iron  wheels  have  a  greater  life  than  steel-tired  wheels, 
for  the  wheels  come  in  contact  with  considerable  acidiferous  mine  water. 
The  current  for  the  motors  is  obtained  from  a  trolley  wire  placed  in  an 
inverted  wooden  trough.  This  trough,  or  guard,  is  placed  at  one  side  of 
the  tracks,  and  is  made  of  2  by  8-in.  strips  for  the  back  and  1  by  -in. 
boards  on  each  side. 

In  operation,  the  modern  mine  locomotive  is  reliable,  for  any  delays 
in  operation  are  generally  attributable  to  broken  trolley  poles,  wheel 
wear,  or  damaged  wiring  from  the  trolley  wheel  to  the  controller.  The 
repairing  of  these  parts  is  nearly  the  only  cost  of  locomotive  maintenance. 
In  the  mines,  the  trolley  wire  and  rail  bonds  are  not  only  a  nuisance  but 
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Fig.  2. — 5)'^-ton,  18-in.  gage,  storage-battery  locomotive. 


they  reduce  the  safety  factor,  and  contribute  to  delays  and  expensive 
repairs  chargeable  to  the  tramming  systems. 

As  the  trolley  wire  is  a  fire  hazard  and  a  potential  danger  to  the  work- 
men and  as  it  limits  the  use  of  a  trolley  locomotive,  particularly  in  the 
gathering  operation,  the  storage-battery  locomotive  has  been  installed 
in  a  number  of  the  Anaconda  Copper  Mining  Co.'s  mines.  The  first 
storage-battery  locomotive  was  put  into  operation  underground  during 
the  summer  of  1919,  and  in  a  short  time  demonstrated  that  it  was  a 
marked  success  under  all  the  haulage  conditions.  As  a  result,  thirty 
additional  machines  were  purchased,  and  most  of  them  are  in  operation. 
The  standard  type  of  storage-battery  locomotive  adopted.  Fig.  2,  has 
a  33^-ton  chassis,  as  this  weight  is  consistent  with  good  mechanical 
design.     It  is  equipped  with  a  compartment  for  105  cells  of  Edison  A5 
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batteries,  held  in  15  trays,  making  the  total  weight  of  the  locomotive 
53^-^  tons.  It  is  rated  at  1500-lb.  drawbar  pull  at  33^  mi.  per  hr.  on  level 
track,  with  a  maximum  drawbar  pull  of  2500  lb.  for  starting  and  acceler- 
ating. The  length  of  the  locomotive  is  139  in.  over  the  bumpers.  The 
width  is  36  in.,  and  the  height  over  the  battery  compartment  at  the  outer 
edge  is  47  in.  To  discourage  the  carrying  of  drill  steel  and  other  supplies 
upon  it,  the  top  of  the  battery  compartment  has  been  provided  with  a 
curved  cover,  raised  3  in.  along  the  center  line  parallel  with  the  wheels. 
This  feature  increases  the  total  height  to  50  in,  above  the  rails. 

The  locomotive's  equipment  consists  of  two  125-volt,  ball-bearing 
motors,  connected  to  the  driving  axles  through  single-reduction  gears. 
The  speed  control  is  obtained  by  connecting  the  motors  in  various 
series-parallel  combinations  through  a  resistance  by  means  of  a  drum- 
type  controller  provided  with  four  series  and  three  parallel  positions.  A 
reversing  switch  and  a  switch  for  the  headlights  mounted  on  each  end  of 
the  locomotive  are  also  contained  in  the  controller  case.  Protection  for 
the  motor  is  provided  bj^  a  circuit-breaker  under  the  motorman's  seat, 
while  the  batteries  are  protected  by  a  fuse  connected  into  each  side  of 
the  circuit.  For  recording  the  amount  of  charge  and  discharge  of  the 
batter}'-,  a  Sangamo  ampere-hour  meter  is  mounted  on  each  locomotive. 
The  meter  is  adjusted  to  run  slow  on  charge,  so  as  to  compensate  for 
battery  losses  and  restore  the  proper  amount  of  energy.  In  addition  to 
the  electrical  equipment,  the  locomotives  are  provided  wuth  devices  for 
sanding  the  rails  when  running  in  either  direction;  a  standard  automatic 
locking,  screw-type,  brake  mechanism;  and  a  25-lb.  locomotive  bell. 

Until  recently,  the  switchboard  used  in  connection  with  charging 
storage-battery  locomotives  underground  was  built  by  mounting  standard 
knife  switches,  rheostats,  and  instruments  on  a  slate  panel.  Conse- 
quenth',  this  type  of  charging  panel  exposed  the  live  electrical  circuits 
at  numerous  points  where  they  may  come  in  accidental  contact  with  the 
attendants.  Furthermore,  the  open  type  of  charging  panel  is  a  greater 
fire  risk,  and  some  skill  is  necessary  to  operate  the  switches  and  rheostats 
in  proper  sequence.  To  reduce  to  a  minimum  the  faults  of  this  style  of 
charging  panel,  a  self-contained  dead-front  panel  unit  has  been  designed 
for  this  purpose.  Fig.  3  shows  such  a  unit  installed  in  one  of  the  mines. 
The  general  design  consists  of  a  steel-plate  front,  equipped  with  push 
buttons,  rheostat  hand  wheel,  flush-type  volt  and  ammeter.  The  rheostat 
and  contactor  for  adjusting  or  opening  and  closing  the  charging  circuit  are 
mounted  directly  back  of  the  panel  on  the  supporting  structure.  All  of 
this  mechanism  is  enclosed  on  all  sides  under  a  drip-proof  roof.  The 
sides  are  screened  and  furnished  with  locks.  Free  access  to  the  apparatus 
back  of  the  panel  is  permitted  to  the  repairmen,  but  tampering  by  unau- 
thorized persons  and  accidental  contact  with  live  parts  is  prevented. 
The  rheostat  is  electrically  interlocked  with  the  contactor  so  that  it 
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cannot  be  connected  into  circuit  until  all  resistance  is  in  series  with  the 
battery. 

When  it  is  desired  to  charge  a  locomotive  battery  the  sequence  of 
events  is  as  follows:  After  the  battery  is  connected  into  circuit  by  a 
flexible  cable  and  plug,  the  rheostat  handle  is  turned  in  a  counter-clock- 
wise direction  until  it  strikes  a  stop.  The  starting  push  button  is  then 
pressed  and  the  rheostat  handle  rotated  in  a  clockwise  direction  until  the 
ammeter  indicates  the  proper  charging  rate.     The  voltmeter  is  arranged 


Fig.  3. — Dead-front  safety  charging  panel. 


to  show  either  battery  or  line  voltage.  When  it  is  desired  to  discontinue 
the  charge,  the  "off"  push  button  is  pressed  and  the  cable  disconnected 
from  the  locomotive  by  withdrawing  the  plug  from  the  receptacle. 
Provision  has  also  been  made  for  disconnecting  the  battery  from  the 
charging  circuit  automatically  by  means  of  a  contact  on  the  ampere-hour 
meter.  This  arrangement  trips  out  the  contactor  on  the  panel  after  the 
predetermined  number  of  ampere-hours  charge. 

The  operation  of  the  storage-battery  locomotive  in  the  mines  has 
been  found  particularly  advantageous  indeed.     The  absence  of  the  trolley 
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wire  and  track  bonding  has  saved  considerable  money,  not  only  because 
of  the  cost  of  maintenance,  but  because  of  the  constant  cost  of  advancing 
trolley  wire  in  the  drifts  and  crosscuts  as  mining  progresses.  The  ability 
of  the  locomotive  to  operate  over  temporary  tracks  has  resulted  in  a 
large  saving  of  manual  labor;  this  feature  eliminates  hand  tramming 
from  the  face  of  the  drift  or  crosscut  to  the  main  haulage  system. 

It  has  been  found  that  the  cost  of  a  trolley  wire  and  track-bonding 
installation  on  the  long  hauls  is  about  equal  to  a  set  of  storage  batteries 
for  a  locomotive,  hence  there  is  little  difference  in  cost  between  a  trolley 
locomotive  and  a  storage-battery  locomotive  installation.  The  cost  of 
maintenance  of  the  two  types  of  installation  has  been  in  favor  of  the 
latter^  because  of  the  labor  necessary  to  keep  the  trolley  wire  in  alignment 


Fig.  4. — Underground  automatic  250-volt  7o-kw.  substation. 


with  the  rails,  due  to  the  movement  of  ground  in  a  number  of  the  mines, 
and  the  constant  repairing  of  the  guard  strip  over  the  trolley  wire.  There 
are  now  operating  in  the  mines  22  storage-battery  locomotives,  hauling 
an  average  of  245  loaded  cars  and  returning  the  same  number  of  empties 
in  a  16-hr.  day.     This  is  the  average  duty  of  a  locomotive. 

As  the  storage  batteries  are  not  removed  from  the  locomotive  chassis 
for  charging,  this  work  is  in  charge  of  the  motorman.  The  method  of 
charging  is  as  follows:  At  half  past  two  in  the  morning,  which  is  the  end 
of  a  day's  work,  the  locomotive  is  connected  on  the  charging  circuit  at 
the  charging  station.  The  current  is  left  on  until  the  integrating  ampere- 
hour  meter  indicates  that  the  batteries  are  charged,  when  they  are  dis- 
connected by  the  station  tender.  The  time  required  for  charging  is 
approximately  3  hr.     Wlicn  the  locomotive  is  taken  from  the  station  by 
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the  first  shift,  suflficient  energy  is  stored  in  the  battery  to  operate  the 
locomotive  until  noon.  At  that  time  it  is  given  a  3^-hr.  boosting  charge, 
suflBcient  for  the  afternoon  shift,  which  quits  work  at  4  o'clock.  The 
batteries  are  then  given  a  charge  of  2)-^  hr.,  and  another  3'^-hr.  boosting 
charge  is  given  between  10  and  10.30  o'clock.  This  charging  arrange- 
ment has  proved  satisfactory  to  the  operating  departments.  Some 
water  must  be  added  to  the  battery  electrolyte  every  other  day;  this  is 
a  simple  matter,  as  each  charging  station  is  provided  with  a  Universal 
battery  filler.  About  15  min.  is  required  to  replenish  the  water  in  each 
locomotive  battery. 

As  a  number  of  the  mines  are  using  both  types  of  locomotive,  the 
energy  for  charging  purposes  is  supplied  from  the  275-volt  service  cables 
that  distribute  power  to  the  mine  levels  for  the  trolley  systems.  The 
power  for  the  haulage  is  furnished  by  motor-generator  sets,  which  are 
rated  at  75  kw.  In  a  number  of  places  the  unit  is  installed  in  the  mines. 
Fig.  4  shows  an  automatic  underground  substation  which  is  set  about 
100  ft.  back  from  the  main  shaft,  and  is  enclosed  on  the  side  and  front 
by  expanded  metal.  The  shift  boss  usually  starts  or  stops  the  apparatus 
by  a  push  button  outside  of  the  enclosure. 

DISCUSSION 

William  Kelly,  Vulcan,  Mich. — May  I  suggest  that  lead-covered 
wires  have  been  used  in  mines  in  some  cases  because  of  a  misunderstand- 
ing of  the  word  "underground?"  Ordinary  lead-covered  wires,  as  I  under- 
stand it,  are  particularly  suited  for  installations  when  the  wires  are  laid 
in  the  ground,  so  that  the  lead  covering  is  alwaj's  grounded,  but  in  the 
mines  the  wires  are  really  an  aerial  installation.  They  may  be  below  the 
general  surface  of  the  ground  but  they  are  not  underground  in  the  sense 
of  being  in  the  ground. 

Graham  Bright,  East  Pittsburgh,  Pa. — One  of  the  principal  reasons 
for  putting  lead  on  the  cable  is  to  be  absolutely  sure  that  moisture  is 
excluded.  In  many  cases  underground,  the  air  is  saturated.  Without 
the  lead  covering,  the  cable,  by  alternate  heating  and  cooling,  may 
develop  cracks  and  as  soon  as  a  crack  starts  moisture  will  enter.  Some 
recent  developments  in  the  use  of  very  high-grade  rubber  may  produce 
a  high-voltage  cable  for  underground  service  without  the  use  of  lead. 

The  illustrations  in  this  paper  indicate  that  a  high  grade  of  workman- 
ship was  used  in  installing  the  equipment,  to  which  fact  a  large  part  of 
the  success  in  these  operations  is  due. 

Howard  N.  Eavenson. — I  had  occasion,  about  three  years  ago,  to 
investigate  the  installation  in  coal  mines  of  cables  carrying  2200  volts; 
in  two  cases  lead-covered  cables  had  been  used  but  had  proved  unsatis- 
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factoiy.  In  each  case  the  cable  had  been  suspended.  We  were  going 
to  install  a  6600-volt  three-conductor  cable,  but  after  learning  the  condi- 
tions in  the  other  mines  and  after  consulting  with  some  of  the  cable 
companies,  we  installed  a  cable  that  was  covered  with,  I  think,  30  percent, 
rubber.  That  has  been  in  use  for  about  2  years  and  I  do  not  think  it 
has  given  any  trouble.  The  cable  companies  said  that  this  cable  would 
give  much  less  trouble  than  the  lead-covered  cable. 

C.  E.  Arnold,  New  York,  N.  Y. — In  one  mine  where  compressed-air 
locomotives  were  used  and  17,000  or  18,000  tons  of  ore  were  hauled 
daily,  the  track  grade  was  0.4  per  cent,  in  favor  of  the  load;  the  average 
tramming  distance  was  0.48  mi. ;  and  the  power  consumption  was  0.37 
kw.-hr.  per  ton,  so  long  as  the  locomotives  were  kept  in  first-class  con- 
dition. Before  the  adoption  of  compressed-air  haulage  at  this  mine, 
bids  were  received  from  makers  of  trolley  equipment,  who  would  not 
guarantee  a  much  better  power  figure  than  this.  My  recollection  is 
that  their  guarantees  were  about  0.33  kw.-hr.  per  ton  of  ore  hauled. 

However,  power  consumption  was  not  the  governing  consideration 
in  the  adoption  of  compressed-air  haulage;  it  was  safety  to  life  and  limb. 
A  mine  nearby,  where  about  12,000  tons  of  ore  were  being  trammed 
daily,  was  equipped  with  a  well-maintained  trolley  system.  But  the 
tramming  costs  showed  that  the  compensation  for  personal  injuries  was 
abnormall.y  high  on  account  of  continued  accidents  caused  through 
car  loaders  and  timbermen  coming  in  contact  with  the  trolley  wire  at 
the  various  ore  chutes.  As  a  result  of  the  experience  at  the  first  mine 
mentioned,  those  in  charge  of  the  latter  mine  scrapped  their  trolley  system 
and  installed  a  compressed-air  haulage  system. 

Graham  Bright. — I  agree,  that  there  are  places  in  mines  where 
mules  should  be  used,  and  that  there  are  some  isolated  cases  where  the 
compressed-air  locomotive  will  prove  more  suitable  than  the  trolley  or 
storage-battery  type,  but  in  the  large  majority  of  cases  the  electric 
locomotive  will  show  far  greater  economy  than  any  compressed- 
air  locomotive. 

It  is  rather  surprising  that  the  small  locomotives  used  in  Butte  have 
replaced  five  animals.  The  author  states  that  it  costs  approximately 
$50  per  month  to  keep  an  animal,  and  in  addition  to  this  saving  there  is  a 
saving  of  four  drivers. 

About  three  years  ago  I  checked  up  the  maintenance  cost  of  the  trolley 
type  of  locomotives  for  the  Butte  mines  and  was  surprised  at  how  low  it 
was.  Besides  indicating  excellent  care  of  the  locomotive,  it  showed  that 
the  conditions  of  operation  were  not  severe,  which  makes  an  ideal  applica- 
tion for  the  storage-battery  locomotive.  The  information  given  on  page 
102  illustrates  that  the  service  conditions  are  rather  light  for  the  trolley- 
type    locomotives.     These    locomotives    were,    however,    the    smallest 
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Uiat  coukl  1)0  econoiuically  hiiilt,  so  that-  there  is  no  criticism  of 
the  appHcatioii. 

The  actual  time  of  operation  and  the  time  of  charging  each  loco- 
motive are  given,  but  it  would  be  interesting  if  the  actual  number  of  kilo- 
watt-hours taken  out  of  the  battery  during  each  period  and  also  the 
number  of  killowatt-hours  restored  to  the  battery  were  stated.  This 
would  give  a  good  idea  of  how  the  battery  is  being  worked  and  the  Hfe 
that  could  be  expected. 

The  first  storage  batteries  to  be  appHed  to  mining  conditions  used 
60-volt  motors.  The  present  standard  is  to  use  80-volt  motors.  It 
has  been  felt  for  some  time  that  100  volts  or  125  volts  would  be  preferable 
and  these  higher  voltages  may  some  time  be  adopted.  The  selection  of 
105-cell  Edison  batteries  indicates  that  the  author  is  aware  of  the  tend- 
ency of  the  times  and  is  taking  advantage  of  what  may  become  a 
future  standard. 

It  would  be  interesting  to  other  mine  operators  if  actual  figures  in 
regard  to  cost  of  operation  and  cost  of  upkeep  of  both  types  of  locomotives 
could  be  given. 

The  safety  charging  panel  illustrated  is  a  great  advance  in  the  charg- 
ing equipment  for  mine  service;  it  is  in  marked  contrast  with  the  usual 
type  found  in  coal-mining  installations.  The  automatic  substation  has 
become  firmly  established  in  coal-mining  practice  and  undoubtedly  a 
number  of  automatic  substation  equipments  will  be  installed  in  metal 
mines  upon  the  active  resumptions  of  metal  mining. 

Gerard  B.  Rosenblatt,  San  Francisco,  Cahf,  (written  discussion). — 
This  paper  shows  on  how  large  a  scale  mechanical  haulage  has  been 
introduced  by  a  progressive  mining  company.  It  is  encouraging  to  see 
the  way  in  which  storage-battery  haulage  has  been  received.  Too  many 
mine  operators  consider  the  storage-battery  locomotive  a  delicate  piece 
of  mining  machinery  the  use  of  which  may  be  expensive.  It  is  therefore 
pleasing  to  receive  a  definite  statement  from  one  in  a  position  to  know 
that  the  initial  costs  per  ton-mile  for  storage-battery  haulage,  under  the 
conditions  that  maintain  in  Butte,  are  not  much  different  from  the  initial 
costs  of  trolley  haulage. 

The  author  states  that  the  cost  of  maintenance  of  the  two  types  of 
equipment  is  somewhat  in  favor  of  the  storage-battery  locomotive;  is 
the  basis  of  comparison  the  cost  per  locomotive  or  the  cost  per  ton-mile 
of  ore  hauled?  The  only  fair  method  of  comparing  haulage  costs  is  on 
the  basis  of  ton-mile  of  ore  hauled  and  we  would  be  glad  to  receive 
cost  figures,  expressed  in  cents  per  ton-mile,  on  both  trolley  and  storage- 
battery  haulage  under  Montana  conditions. 

In  a  paper  presented  before  the  San  Francisco  Section  of  the  Institute, 
the  writer  showed  the  desirability  of  analyzing  haulage  problems  on 
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the  basis  of  a  study  of  costs  expressed  in  ton-miles  of  ore  hauled  and 
submitted  a  tabulation,  or  segregation,  of  costs  that  could  be  advantage- 
ously adopted  in  a  majority  of  cases,  and  which  would  permit  a  fair 
comparison  to  be  made  between  alternate  methods  of  haulage  in  the 
same  mine,  or  between  haulage  systems  in  different  mines.  Briefly,  the 
segregation  is  as  follows : 

Analysis  of  Haulage  Costs,  in  Cents  Per  Ton-mile 

Capital  expense  (interest  and  amortization  on  first  cost) 
Operating  expense 

Operating  labor  and  material 

Power 
Maintenance  expense 

Locomotive  maintenance 

Car  maintenance 

Trolley,  track  and  station  maintenance 
General  expense  (supervision  and  proportionate  overhead  expense) 

Several  of  the  larger  western  companies  have  adopted  this  system  and 
from  the  cost  data  accumulated  some  definite  facts  can  be  determined. 
It  would  be  most  interesting  if  the  author  could  present  similar  figures 
on  haulage  in  the  Butte  mines. 

Several  progressive  ideas  are  mentioned.  One  is  the  type  of  charging 
panels  used.  Because  battery  voltages  and  battery  charging  circuits 
are  usually  of  low  voltage  (that  is,  under  600  volts)  it  has  been  the 
practice  not  to  consider  them  hazardous.  As  a  matter  of  fact,  in  a  mine, 
and  frequently  in  surface  industrial  plants,  275  volts,  or  250  volts,  can  be 
just  as  fatal  as  440,  500,  or  even  2200  volts.  It  is  courting  danger  to 
consider  any  exposed  electrical  circuit  of  110  volts  or  over  safe  to  handle 
without  taking  every  precaution  possible. 

Another  progressive  idea  is  the  automatic  operation  of  the  motor- 
generator  substations  supplying  direct  current  for  the  haulage  system. 
Such  substations  have  been  in  vogue  with  electric  interurban  railways  for 
some  years,  but  it  has  been  only  lately  that  their  economy  and  conven- 
ience have  been  recognized  by  mining  companies.  During  the  past  year 
several  score  of  such  substations  have  been  installed  by  mining  companies, 
particularly  in  the  coal  fields;  they  have  proved  to  be  reliable,  convenient, 
and  economical.  The  automatic  features  are  not  complicated  and  are 
readily  applicable  to  motor-generator  sets  and  rotary  converters.  Many 
mining  companies  could  reduce  their  haulage  costs  and  simplify  their 
operations  by  making  their  converting  equipment  automatic,  or  at  least 
semiautomatic,  in  operation. 

Another  interesting  point  is  the  use  of  a  high-voltage  battery,  so  as 
to  charge  with  maximum  economy  from  ordinaiy  trolley  voltage.  The 
usual  trolley  voltage  in  metal  mining  is  250-275,  but  the  storage-battery 
locomotive  is  usually  equipped  with  a  battery  that  discharges  at  approxi- 
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mately  80  volts  and  requires  125-140  volts  for  charging;  therefore,  when 
a  battery  is  charged  from  a  250-volt  trolley  circuit  a  definite  proportion 
of  the  power  drawn  from  the  line  must  be  wasted  in  resistance,  or  a 
special  motor-generator  set  must  be  used.  It  is  true  that  for  a  given 
kilowatt-hour  capacity,  a  battery  to  charge  from  a  nominal  250-volt 
circuit  costs  more  than  one  suitable  for  charging  from  a  125-volt  circuit, 
but  an  analysis  in  many  cases  will  show  that  the  power  wasted  and  other 
costs  involved  in  charging  the  lower  voltage  battery  will  soon  pay  for 
the  increased  cost  of  the  higher  voltage  battery.  It  was  not  so  long  ago 
that  standard  storage-battery  locomotives  were  designed  for  a  battery 
discharge  voltage  of  60  volts;  manufacturers  and  users  will  soon  recognize 
the  advantage  of  higher  discharge  voltages,  possibly  around  100  to  125 
volts.  The  higher  voltage  has  many  advantages  to  offset  the  increased 
first  cost  of  battery  equipment  involved  therein. 

K.  A.  Pauly,  Schenectady,  N.  Y.  (written  discussion). — The  auto- 
matic substation  was  first  developed  to  meet  the  requirements  of  railway 
systems  to  supply  outlying  districts  where  the  car  service  is  infrequent. 
Perhaps  because  of  the  similarity  between  surface  lines  and  underground 
haulage  systems,  mining  electrical  engineers  became  interested  in  the  auto- 
matic substation  soon  after  its  application  to  railways  and  in  the  coal 
fields  approximately  thirty  of  these  stations,  averaging  approximately 
200  kw.  each,  have  been  purchased,  many  of  which  are  in  successful  opera- 
tion. The  automatic  features  embodied  in  the  control  of  these  stations 
can  be  varied  considerably  to  meet  the  special  requirements  of  a 
particular  installation. 

Briefly  stated,  the  advantages  of  automatic  substations  are  as  follows: 
Protection  is  provided  at  all  times.  Maintenance  costs  are  reduced. 
Distribution  voltage  is  improved.  Feeder  loss  is  decreased.  Reliability 
is  increased.  Minimum  operating  personnel  is  required.  Wear  and 
tear  on  substation  machines  are  reduced  by  elimination  of  unskill- 
ful handling. 
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Wire  Rope  and  Safety  in  Hoisting  at  Butte  Mines 

By  W.  N.  Tanner*  and  F.  C.  Jaccard,!  Butte,  Mont. 

(New  York  Meeting,  February,  1922) 

The  wire-rope  hoisting  conditions  at  the  mines  of  the  Anaconda 
Copper  Mining  Co.  in  Butte,  Mont.,  are  very  severe  because  of  the 
conditions  under  which  it  is  necessary  to  operate.  A  study  was  made, 
in  the  fall  of  1919,  for  the  purpose  of  changing  these  conditions  in  order  to 
obtain  longer  rope  and  sheave  life.  There  are  at  present  in  Butte 
hoisting  engines  equipped  with  wire  rope  as  follows: 


9  main  hoists  using  flat  ropes. 
7  main  hoists  using  l3^-in.  rope. 

5  main  hoists  using  Ij^-in.  rope. 

6  shafts  using  l3^-in.  rope. 

2  chippy  hoists  using  Ij^^-in.  rope. 
9  chippy  hoists  using  l3-^-in,  rope. 
15  shafts  using  1-in.  rope. 

7  shafts  using  %-in.  rope. 
1  shaft  using  ^^-in.  rope. 


In  addition,  there  are  a  number  of  sinking  engines  using  %-m.,  ^:4-in., 
T^-in.,  and  1-in.  (15.9,  19.  22,  and  25  mm.)  rope. 

The  fiat  ropes  run  from  ii  by  7}i  in.  (12.7  by  190.5  mm.)  to-^g  by 
43'^-in.  (9.5  by  114  mm.)  and  are  used  on  the  older  hoisting  engines,  which 
are  set  comparatively  close  to  the  shaft.  Because  of  swelling  and  moving 
ground  at  some  of  the  shafts,  these  ropes  present  certain  difficulties  in 
operation  that  are  more  pronounced  than  with  round  ropes;  they  are, 
therefore,  being  superseded  bj'-  round  ropes  as  newer  engines  are  being 
installed.  They  are,  however,  much  more  easily  inspected  and  repaired 
than  round  ropes. 

In  general,  the  practice  in  Butte  is  to  use  hoisting  engines  equipped 
with  12-ft.  (3.7  m.)  cast-iron  drums,  smooth  faced,  for  13^-in.  rope  and 
G-ft.  cast-iron  drums,  smooth  faced,  lagged  with  %-in.  steel  plate  for 
1K>  ^H  and  1-in.  (31.7,  28.6,  25  mm.)  rope  in  main  and  chippy 
shafts.     Cast-iron  head  sheaves,  12,  10,  and  6  ft.  in  diameter,  with  grooves 
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inacliiucd  3-32  i"-  greater  radius  llian  (he  radius  of  rope,  are  used.  Special 
"blue  center"  steel  ropes,  either  regular  or  Lang  lay,  according  to  condi- 
tions, are  used;  they  are  designed  to  withstand  excessive  abrasion  and  are 
wound  on  drums  in  from  two  to  four  layers.  On  the  smaller  drums, 
approximately  one  half  of  the  first  layer  remains  on  the  drums  at  all 
times,  in  order  to  insure  the  rope  reeving  properly;  this  portion  is  tapped 
into  place  with  a  light  hammer  while  the  rope  is  being  installed.  The 
ropes  are  fastened  fo  the  cages  by  clamps.  The  ropes  are  kept  well 
lubricated  at  all  times,  with  a  mixture  of  Whitmore's  cable  dressing 
and  pine  tar,  using  1  gal.  of  pine  tar  to  1  lb.  of  cable  dressing. 

The  ropes  are  inspected  and  tarred  regularly,  the  interval  depending 
on  the  amount  of  work  the  rope  is  doing  and  other  conditions  of  operation. 
Whenever  necessary,  from  12  to  25  ft.  are  cut  from  the  drum  end  to 
change  the  point  of  greatest  wear,  which  occurs  at  the  point  where  the 
rope  climbs  from  the  first  to  the  second  layer  at  the  end  of  the  drum. 
Some  ropes  are  turned  end  for  end;  this  serves  to  equalize  the  wear  on  the 
rope  and  to  prolong  the  life  From  10  to  12  ft.  are  cut  from  the  cage  end 
of  the  rope  at  intervals  to  compensate  for  the  wear  of  the  clamps.  Ropes 
are  changed  whenever  they  begin  to  show  signs  of  excessive  wear,  an 
extreme  flattening  of  the  outside  wires,  or  the  appearance  of  several 
broken  outside  wires  in  a  strand.  As  far  as  possible,  ropes  are  changed 
before  they  approach  a  dangerous  condition. 

The  use  of  straight-faced  drums  has  been  general  throughout  the 
Butte  district  and  is  one  of  the  conditions  that  tend  to  make  rope  service 
severe.  Of  late  years,  the  cost  of  drum  repairs  has  been  high.  All 
ropes  are  attached  at  the  inside  flange  of  the  drums.  On  some  hoists, 
the  left  rope  is  the  overwind;  on  others,  it  is  the  underwind. 

The  head  sheaves  are  so  located  that  a  line  through  the  center  line 
of  the  sheaves  and  parallel  with  the  center  line  of  hoist  will  strike  t  he 
drum  from  3^  in.  from  the  inner  flange,  as  at  the  Pennsylvania  hoist,  to 
153-^  in.  from  the  inner  flange,  as  at  the  Never  Sweat  hoist.  The  space 
between  this  line  and  the  inner  flange  must  be  filled  with  rope  at  all 
times,  for,  if  unwound  in  operation,  this  portion  of  the  rope  will  not  wind 
uniformly  when  hoisting  the  load.  The  sheaves  are  lined  so  that  the 
centers  of  the  grooves  are  in  line  with  the  center  of  the  drums. 

With  6-ft.  drums,  the  general  practice  is  to  allow  one-half  of  the  first 
layer  of  rope  to  remain  on  the  drum  at  all  times,  for  because  of  the  pecul- 
iarities of  round  wire  rope,  this  portion  of  the  first  layer  will  not  wind 
uniformly  when  hoisting  the  load.  The  first  laj^er  must  wind  uniformly 
on  the  drum  as,  with  the  straight-faced  drum,  the  first  layer  of  rope  must 
form  the  grooves  for  the  succeeding  layer,  and  these  grooves  must  be 
uniform  te  guide  the  remaining  laj^ers. 

On  shaft  hoists  using  but  two  layers  of  rope,  this  condition  might 
perhaps  be  overcome  in  part  bj'^  using  the  lay  rope  required  by  the  direc- 
tion of  rotation:  but  with  four-  layers  of  rope  on  the  drum  the  untwisting 
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action  of  the  rope  will  occur  oil  two  of  the  layers.  Right  lay  ropes  are 
used  in  practically  all  these  installations,  regular  or  Lang  lay  being  used 
as  the  particular  conditions  may  require.  For  example,  the  Badger 
State  shaft  hoist  has  the  left  rope  the  overwind  and  the  rope  travels  from 
right  to  left  on  the  first  layer.  When  a  new  rope  is  placed  in  service,  it 
has  considerably  more  stretch  than  a  rope  that  has  been  in  service  for  a 
long  time  and  in  lowering  the  skip  to  the  bottom  level  the  rope  wiU  be 
elongated  about  15  in.  (38  cm.)  by  the  weight  of  the  rope  hanging  in  the 
shaft.  After  the  skip  is  loaded,  a  further  elongation  of  about  32  in.  wiU 
result,  making  a  total  elongation  of  47  in.  This  elongation  increases 
the  length  of  rope  lay,  and  as  the  rope  is  securely  attached  at  drum  and 
skip,  the  rope  cannot  rotate  but  has  a  pronounced  tendency  to  do  so  in  a 
direction  to  untwist  the  rope;  therefore  the  rope  has  a  tendency  to  travel 
to  the  left,  causing  the  rope  to  wind  non-uniformly  until  the  fleet  of 
rope  on  the  drum  counteracts  this  tendency,  which  occurs  when  the  middle 
of  the  drum  is  reached;  beyond  this  point  the  rope  will  wind  uniformly. 

On  installations  using  small  smooth-faced  drums  and  where  the  fleet 
angle  is  severe,  ropes  have  a  tendency  to  interlock  when  winding  on  the 
drum.  This,  together  with  the  smaller  diameter  occasioned  by  the 
elongation  of  the  rope  under  load,  causes  the  groove  made  by  the  first 
layer  of  rope  to  be  slightly  less  in  pitch  than  the  diameter  of  the  rope,  and 
causes  the  second  and  succeeding  layers  to  be  pinched  together.  This 
condition  causes  pronounced  abrasion  of  the  rope  in  service. 

On  smooth-faced  drums,  when  installing  a  new  rope,  it  is  necessary  to 
start  the  rope  on  the  drum  winding  a  true  helix.  To  accomplish  this,  a 
starting  piece  must  be  introduced  at  the  flange  where  the  rope  is  attached. 
This  was  accomplished  by  using  a  manila  rope  starting  piece,  but  it  was 
found  impossible  to  fit  this  manila  rope  on  the  drum  to  give  a  true  helix. 
Now  all  drums  are  equipped  with  a  steel  starting  piece  machined  to  form 
a  true  heUx.  This  starting  piece  extends  completely  around  the  drum  and 
gives  very  satisfactory  results. 

When  installing  new  rope,  the  rope  is  fastened  to  the  drum,  through 
the  inside  flange,  by  suitable  clamps  and  the  idle  rope  is  wound  on  the 
drum  by  tapping  each  wrap  with  a  light  hammer  and  block  to  make  it 
bear  against  the  adjacent  wrap  of  rope. 

As  the  unit  radial  pressure  of  the  rope  on  the  drum,  in  the  case  of  the 
13^  and  li'^-in.rope,  winding  four  layers  on  the  6-ft.  drums,  is  considerably 
over  2000  lb.,  grooves  have  been  worn  on  the  face  of  these  drums  and  in 
some  cases  cracks  have  formed  across  the  face.  In  order  to  obtain  longer 
life,  the  drums  are  being  lagged  on  the  face  with  %-in.  steel  plate.  It  will 
be  noted  that,  in  the  case  of  the  l34-in  rope,  the  drum  diameter  bears 
to  the  rope  diameter  a  ratio  of  57.6  to  1,  which  is  under  the  generally 
accepted  ratio  of  60  to  1 ;  this  tends  to  make  the  conditions  very  severe  on 
the  rope. 
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Considerable  thought  has  been  given  lately  to  the  subject  of  equipping 
the  engines  with  grooved  drums  because  of  the  easier  rope  conditions  to 
be  obtained  from  these  drums.  With  properly  designed  grooves,  the 
rope  has  a  continuous  support,  and  the  pressure  of  the  rope  on  the  drum  is 
practically  uniform,  instead  of  being  concentrated  at  the  crown  bearing 
points  of  the  rope.  Also  there  is  no  pinching  and  interlocking  of  the  rope 
on  the  grooved  drum.  To  determine  the  effect  of  the  grooved  drums  under 
the  severe  conditions  obtaining  at  Butte,  the  Badger  State  main  hoist  has 
just  been  equipped  with  6-ft.  grooved  drums  on  which  will  be  l3^-in.  wire 
rope,  6X19,  Blue  Center  steel,  special  Scale  construction,  regular  lay. 

On  the  Butte  installations  using  12-ft.  smooth-faced  drums  and  l3^-in. 
wire  rope,  the  unit  radial  pressure  with  three  layers  of  rope  is  less  than 
2000  lb.;  we  have  experienced  no  trouble  with  these  drums,  although  some 
of  the  faces  are  beginning  to  show  evidence  of  grooving  after  15  yr. 
of  service. 

Because  of  the  lack  of  ground  around  some  of  the  shafts,  and  other 
local  conditions,  the  fleet  angles  vary  from  1°  6'  to  1°  27',  for  hoists  having 
6-ft.  drums  and  l}i-'m-  rope,  and  from  1°  12'  to  1°  53'  for  hoists  having 
12-ft.  drums  and  l3^-in.  rope.  The  two  main  hoists  with  6-ft.  drums  and 
13'^-in.  rope  have  fleet  angles  of  1°10'  and  1°  24'. 

The  head  sheaves  are  made  of  cast  iron  6,  10,  and  12  ft.  in  diameter, 
with  the  grooves  machined  to  a  radius  3^2  in  greater  than  the  radius  of 
the  rope,  and  are  carefully  balanced  to  run  perfectly  true.  Semisteel 
sheaves  were  tried  but  abandoned  because  it  was  impossible  to  get  the 
material  in  the  sheave  uniform. 

The  radial  pressure  of  the  rope  on  the  sheave  is  independent  of  the 
arc  of  contact  and  is  determined  by  the  rope  tension  and  the  sheave 
diameter.  It  is  also  directly  proportional  to  the  sheave  diameter.  There- 
fore the  larger  the  sheave  diameter  for  a  given  rope  tension,  the  lower  is 
the  radial  pressure  of  the  rope  on  the  sheave.  The  radial  pressure  divided 
by  the  rope  diameter  gives  the  unit  radial  pressure.  The  maximum  unit 
radial  pressure  of  a  rope  on  a  cast-iron  sheave  should  not  exceed  450  lb. 
with  regular-lay  rope,  otherwise  the  sheave  wear  will  be  excessive.  For 
Lang-lay  rope,  this  pressure  may  be  10  per  cent,  more,  or  495  lb. 

On  all  main  hoisting  shafts,  the  unit  radial  pressures  of  the  rope  on  the 
sheaves  varies  from  246  to  392-lb.  values,  which  are  sufliciently  low  to 
allow  economical  use  of  cast-iron  sheaves.  On  the  Steward  and  Original 
hoists,  where  Lang-lay  ropes  are  used,  the  unit  radial  pressures  are  467.5 
and  475.8  lb.,  which  are  permissible  values.  On  the  Badger  State  hoist, 
where  6-ft.  sheaves  were  used  with  Ij^-in.  rope,  the  unit  radial  pressure 
was  612  lb.,  causing  short  life  and  giving  continual  sheave  trouble.  These 
sheaves  have  been  replaced  with  10-ft.  sheaves,  so  that  the  unit  radial 
pressure  is  well  below  450  lb.  and  no  further  trouble  is  anticipated. 

On  the  Chippy  hoists,  which  use  13^  and  l^^-in.  rope  with  6-ft. 
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sheaves,  1  he  conditions  are  more  severe,  and  some  hght  cast-non  sheaves, 
bicycle  type,  with  cast-steel  liners,  properly  machined,  in  the  bottom  of 
the  grooves  are  being  tried. 

It  was  the  custom  to  install  a  sheave  when  necessary  and  keep  that 
sheave  in  service  until  the  metal  at  the  bottom  of  the  groove  became  worn 
to  a  thickness  of  about  13^^  in.  Little  or  no  attention  was  paid  to  the  size 
of  the  worn  groove  nor  to  the  wearing  of  the  groove  to  one  side  or  the  other 
of  the  center  line.  The  result  was  that  a  rope  which  was  new  at  the  time 
the  new  sheave  was  installed  gave  fairly  long  life  but  the  life  of  each 
succeeding  rope  was  considerably  shorter.  As  the  groove  wears  in  the 
sheave,  the  diameter  of  the  groove  is  worn  to  the  size  of  the  worn  rope, 
which  is  less  than  that  of  a  new  rope,  so  that  the  new  rope  is  squeezed 
into  the  narrow  groove,  causing  excessive  abrasion. 

At  present,  a  sheave  is  installed  when  a  new  rope  is  put  on  and,  when 
the  rope  is  worn  out,  the  sheave  is  taken  down,,  the  groove  machined  to 
the  correct  size,  and  the  sheave  later  replaced  for  a  new  rope;  therefore,  the 
new  rope  starts  in  service  in  a  proper-sized  groove.  At  the  time  this 
sheave  is  put  in,  the  alignment  of  the  sheave  with  the  center  line  of  the 
drum  is  checked  and  adjusted.  This  is  expected  to  result  in  longer  rope 
life.  Due  to  swelling  and  moving  ground  around  the  different  shafts, 
the  head  frames  shift  and  settle  from  time  to  time,  causing  the  sheave 
to  fall  out  of  line  with  the  drum  on  the  hoist  and  the  rope  to  wear  on  the 
side  of  the  groove.     This  causes  excessive  abrasion  of  the  rope. 

Monthly  records  are  kept  of  the  thickness  of  the  metal  in  the  groove 
of  the  different  sheaves;  also  of  the  shape  of  the  grooves  in  the  different 
sheaves  and  we  are  working  at  present  on  the  development  of  a  templet 
gage  for  taking  these  measurements. 

Considerable  variation  has  been  found  in  the  life  of  the  different 
ropes  on  the  different  shaft  hoists,  due  to  the  varying  conditions  of  opera- 
tion and  mechanical  equipment;  it  is  expected  that  considerably  longer 
life  will  be  obtained  from  the  ropes  under  the  improved  mechanical 
conditions  when  the  mines  are  again  operating  normally.  The  life  of 
the  ropes  during  the  present  period  of  depression  cannot  be  taken  in  com- 
parison with  the  life  noted  under  operating  conditions. 

The  cages  and  skips  are  built  in  our  own  shops,  of  the  best  materials, 
and  are  made  heavy  in  comparison  with  the  load  they  will  handle. 
Before  being  put  into  service,  they  are  painted  one  coat  of  red  lead  and 
one  coat  of  Harrison's  antoxide  paint  to  protect  them  from  corrosion 
The  top  deck  of  each  string  and  the  skip  deck  are  equipped  with  heavy 
cast-iron  or  steel  dogs  actuated  by  heavy  springs  and  held  away  from  the 
guides  by  the  weight  of  the  string;  in  case  of  a  broken  rope  or  any  slack 
rope  they  will  release  and  grip  the  shaft  guides,  preventing  the  string 
from  falling  to  the  bottom.     When  the  mines  are  operating,  the  cages 
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and  skips  are  inspected  daily  by  the  blacksmiths  and  boilermakers; 
all  loose  bolts  are  tightened  and  all  small  repairs  are  made.  If  any  large 
repairs  are  necessary,  the  cages  and  skips  are  removed  and  new  ones 
installed;  this  is  done  to  keep  the  equipment  safe  and  in  working  order 
and  prevent  as  far  as  possible  any  accident  due  to  failure  of 
this  equipment. 

The  principal  hoisting  engines  are  equipped  with  power-operated 
post  brakes  lined  with  wooden  brake  blocks  and  power-operated  clutches. 
They  are  also  equipped  with  the  Lilly  safety  hoist  controllers,  to  prevent 
overspeed  and  overwinding  of  the  rope.  Most  of  those  in  use  in  Butte 
are  the  old-tj^pe  Lilly  controllers,  many  improvements  having  been  made 
in  this  device  since  their  installation.  This  old  type  is  positive  in  action 
and  forms  a  very  satisfactory  safety  device. 

These  hoist  controllers  are  geared  to  each  drum  on  a  hoisting  engine 
and  are  so  arranged  that,  in  case  of  overspeed,  they  will  ring  a  bell  to 
warn  the  engineer  and  then  shut  off  the  power,  apply  the  brakes,  and 
bring  the  engine  to  a  stop.  The  brakes  are  applied  gradually  so  that  the 
load  is  brought  to  a  stop  without  dangerous  shock.  This  is  necessary 
because  the  high  momentum  of  the  moving  load  must  be  overcome  before 
it  can  be  brought  to  a  stop;  otherwise  the  load  will  pull  the  drum  through 
the  brakes,  burning  the  brake  blocks  and  perhaps  seriously  damaging 
the  engine  and  the  rope.  At  the  limit  points  of  travel,  the  brake  action 
is  instantaneous.  Stops  are  arranged  at  a  proper  distance  from  the  top 
and  bottom  of  the  shaft  so  that  in  case  of  overspeed  the  load  will  be 
stopped  at  the  landing.  Stops  are  also  arranged  at  the  end  of  travel, 
so  that  the  load  is  stopped  regardless  of  the  speed  at  these  points.  It  is 
possible  to  run  by  the  first  safety  stops  at  a  low  speed  and  then  apply 
more  power  to  the  engine,  so  that  the  momentum  of  the  load  is  sufficient 
to  carry  it  into  the  sheaves  even  after  the  engine  has  been  stopped  at  the 
end  of  travel.  This  is  true  only  where  the  head  frames  are  low  and  there 
is  a  very  small  distance  between  the  dump  and  the  sheave.  In  no  case  is 
the  damage  as  great  as  it  would  be  if  no  safety  devices  were  employed. 
I  believe  that  this  has  been  overcome  in  the  latest  type  of  Lilly  safety 
hoist  controller,  by  causing  a  positive  retardation  in  the  load  before 
this  point  is  reached.  When  the  mines  are  operating,  the  hoisting  engines 
and  appurtenances  are  inspected  daily. 

DISCUSSION 

Horace  F.  Lunt,*  Denver,  Colo. — Do  they  use  detaching  hooks  on 
the  cages  and  skips  to  prevent  pulling  the  skip  into  the  sheave? 

W.  B.  Daly,  Butte,  Mont. — The  Lilly  safety  controller  prevents  that. 
It  is  set  at  a  given  point  so  that  if  the  engineer  forgets  where  his  cage  or 
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skip  is  at  any  given  time,  the  controller  will  take  the  lever  from  his  hand 
and  prevent  that  cage  or  skip  from  going  into  the  dump.  The  device 
was  invented  by  W.  J.  Lilly,  formerly  the  chief  master  mechanic  at  the 
Anaconda  Copper  Mining  Co. 

C.  L.  CoLBURN,  Washington,  D.  C. — Have  there  been  any  cases  in 
which  the  Lilly  controller  has  failed? 

W.  B.  Daly.— No;  there  have  been  times  when  the  trip  did  not  work, 
when  the  engineer  had  brought  his  skip  slowly  to  the  point  of  dumping 
and  then  forgot  to  reverse  and  pull  the  skip  into  the  sheaves.  The  Lilly 
controller  would  stop  that  if  there  was  plenty  of  head  room. 

C.  L.  CoLBURN. — Do  you  think  it  would  be  worth  while  to  put  a 
detaching  hook  on  a  cage  in  addition  to  having  the  Lilly  controller  on 
the  hoist? 

W.  B.  Daly. — Detaching  hooks  are  not  necessary  with  the 
Lilly  controller. 

William  Kelly,  Vulcan,  Mich. — What  is  the  speed  of  the  cage? 

W.  B.  Daly. — The  law  of  Montana  provides  800  ft.  per  min.  when 
hoisting  men  and  2000  ft.  when  hoisting  ore.  But  it  makes  no  difference 
whether  the  speed  is  2000  ft.  or  5000  ft.,  the  controller  will  stop  the  cage. 

Robert  Peele,*  New  York,  N.  Y. — The  Butte  practice  of  using 
drums  of  such  small  diameter,  relative  to  the  depth  of  shaft,  as  to  require 
the  winding  of  several  layers  of  rope  on  the  drum,  can  hardly  be  consid- 
ered common  practice.  In  many  other  districts,  where  shafts  are  equally 
deep  and  the  hoisting  is  heavy,  the  rule  is  to  use  drums  that  will  avoid 
more  than  one  layer  of  rope.  Serious  shock  and  wear  occur  at  the  point 
where  the  rope  climbs  from  the  first  to  the  second  layer  at  the  end  of 
the  drum. 

In  hoisting,  there  are  several  other  points  where  abnormal  wear  will 
always  occur.  Among  them  are  the  points  of  tangency  of  the  hoisting 
rope  on  the  head  sheave  and  on  the  drum,  when  the  cage  is  started  from 
the  bottom  of  the  shaft;  that  is,  the  points  where  the  rope  bends  in  pass- 
ing from  tangent  to  curve.  The  starting  stress  may  occur  at  that  point 
repeatedly  and  therefore  cause  abnormal  wear  and  internal  stresses. 
Also,  unless  the  rope  is  attached  to  the  skip  or  cage  by  chains,  in  case 
slack  rope  is  paid  out,  after  the  cage  comes  to  rest  upon  the  chairs,  the 
rope  will  bend  sharply  where  it  enters  the  socket,  and  thus  be  subjected  to 
internal  stress. 


*  Professor  of  Mining,  Columbia  University. 
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It  is  not  surprising  that  cast-iron  drums  are  sometimes  cracked  by  the 
excessive  compressive  strain  produced  bj^  the  coils  of  rope;  a  strain  that 
is  naturally  greatest  in  drums  having  the  greatest  number  of  coils.  The 
authors  of  this  paper  have  done  well  to  call  attention  to  the  effect  of 
elongation  of  the  rope  under  load,  thus  reducing  the  pitch  of  the  grooves 
made  by  the  first  layer  of  coils,  and  so  causing  abrasion  by  the  pinching 
together  of  the  rope  coils  of  succeeding  layers. 

In  other  districts,  sheaves  more  than  10  ft.  in  diameter  are  usually  of 
the  bicycle  type,  and  for  deep  shafts,  as  in  the  Lake  Superior  copper 
district,  the  diameters  are  commonly  12  and  14  ft.  If  there  is  any 
difference  in  the  diameters  of  drum  and  sheave,  the  smaller  of  the  two 
should  be  properly  proportioned  to  the  size  of  rope.  If  the  drum  is 
larger,  simply  because  more  rope  is  required  in  a  deep  shaft,  the  sheave 
should  be  large  enough  to  prevent  excessive  bending  stresses  in  the  rope. 
The  best  results  are  obtained  when  drum  and  sheave  are  of  the  same 
diameter,  as  the  rope  then  winds  constanth'  on  a  curve  of  the  same  radius. 
Manufacturers'  tables  usually  specify  the  minimum  allowable  diameter 
of  drum  and  sheave.  Some  users  incorrecth'  assume  that  the  stated 
diameter  is  recommended  for  a  given  size  of  rope. 

W.  B.  Daly. — The  6-ft.  drums  are  being  replaced  by  10-  or  12-ft. 
drums,  which  will  relieve  all  of  these  conditions.  When  these  mines  were 
first  opened,  the  flat  cable  was  used  and.  of  course,  the  engine  can  be 
placed  closer  to  the  shaft  with  the  fiat  cable  than  with  the  round  rope. 
The  new  engines  have  been  placed  farther  back  to  overcome  that  condi- 
tion; but  in  one  or  two  instances  we  did  not  have  room. 

B.  F.  TiLLSON,*  Franklin,  X.  J. — Reference  is  made  to  wear  at  points 
of  overlap  of  the  rope;  a  more  serious  result  is  a  beating  effect.  We 
think  that  we  have  a  device  to  feed  the  rope  gradually  into  the  second 
layer,  but  still  there  is  a  beating  effect.  An  example  of  this  may  be  seen 
if  a  new  Lang-lay  rope  is  examined,  where  the  wire  throughout  the  greater 
length  can  be  seen,  and  re-examine  it  later  on.  Very  soon  after  it  has 
been  put  in  service,  it  will  be  found  that  the  circular  section  has  a  mush- 
room head  where  the  metal  has  been  beaten  over.  Even  more  serious 
than  the  wear  is  the  reduction  in  the  diameter  of  rope  from  this  cause. 
The  metal  is  still  there  but  the  beating  has  fatigued  it. 

W.  B.  Daly. — The  condition  of  the  beat  would  be  more  than  the 
pressure  of  the  weight? 

B.  F.  TiLLSOX.— If  you  beat  a  piece  of  metal  with  a  light  hammer 
the  metal  will  flow  and  change  its  condition  at  that  point.     That  is  the 
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|)()iii(   of  iiKixiiHUiu  fatigue,  and  at  tluit  point  the  wires  are  likely  to 
break;  they  show  a  crystalline  fracture  when  they  do. 

W.  B.  Daly. — In  determining  the  difference  between  the  shock  and 
the  wear,  is  it  possible  to  distinguish  or  determine  the  causes? 

B.  F.  TiLLSON. — -At  the  point  at  which  it  occurs  you  can  hear  a 
certain  slap. 

W.  B.  Daly. — Have  you  been  able  to  determine  whether  it  was  the 
shock  or  the  wear  that  caused  the  break? 

B.  F.  TiLLSON. — It  was  not  w'ear,  because  the  metal  is  still  there. 

W.  B.  Daly. — The  strain  would  flatten  the  rope  as  well  as  the  shock. 

B.  F.  TiLLSON. — It  w'ould  not  change  the  section. 

W.  B.  Daly — Nor  w^ould  wear,  necessarily,  but  the  weight  on  the 
cable  could  cause  the  flattening  effect. 

B.  F.  TiLLSON. — As  you  get  the  weight  at  other  points,  I  would  con- 
clude, since  it  occurs  at  the  point  at  which  there  is  a  slap  and  does  not  at 
points  where  there  are  still  tW'O  laj^ers,  but  without  the  slap,  that  the 
slap  was  the  thing  that  did  it  and  the  slap  was  the  blow. 

Graham  Bright,*  East  Pittsburgh,  Pa.  (written  discussion). — 
Having  visited  many  of  the  large  hoisting  installations  in  this  country, 
and  practically  all  of  the  hoists  in  Butte,  the  wa-iter  is  particularly  inter- 
ested in  this  paper.  For  coal-mine  hoists  using  conical  drums  or  cylindro- 
conical  drums,  the  service  is  generally  considered  rather  severe  on  the 
ropes,  because  of  the  deep  grooving  necessary  to  keep  the  rope  in  the 
proper  position.  The  writer  would  like  to  know  why  the  straight-face 
drum  generally  used  throughout  the  Butte  district  is  one  of  the  condi- 
tions that  tend  to  make  rope  service  severe. 

The  general  practice  in  the  Butte  district  is  to  use  two  or  more 
layers  of  cable  on  drums  up  to  12  ft.  in  diameter.  In  the  copper  country 
of  northern  ^Michigan,  the  general  practice  is  to  use  drums  20  to  30  ft.  in 
diameter  and  but  one  layer  of  rope.  It  would  be  interesting  to  know 
what  conditions  there  are  in  northern  Michigan  that  warrant  the  use 
of  these  large  drums,  which  greatly  increase  the  cost  of  the  hoist 
installation. 

If  in  using  several  laj-ers  of  cable,  the  wear  is  first  manifested  at 
points  where  the  cable  clim])S  up  the  flange  to  start  a  new  layer,  would  it 
not  be  possible  to  install  a  small  auxiliary  drum  inside  the  main  drum, 
upon  which  could  be  reeled  a  certa,in  amount  of  cable  that  could  be 
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let  out  from  time  to  time,  so  as  to  present  a  new  section  of  cable  at  the 
ends  of  the  layer  and  thus  increase  the  life  of  the  cable? 

It  has  been  said  that  12-ft.  smooth-face  drums  using  13'^-in.  rope  show 
evidence  of  grooving  after  15  years'  service.  On  many  coal-mining  hoists 
where  the  depth  is  not  great  and  there  is  but  one  level,  a  single  smooth- 
faced cylindrical  drum  is  frequently  used  for  balanced  hoisting.  Both 
ropes  are  wound  on  the  same  drum  with  a  short  distance  between  the 
ropes;  in  fact,  one  rope  chases  the  other  across  the  face  of  the  drum.  It 
is  evident  that  a  considerable  portion  of  the  drum  on  each  side  of  the 
center  receives  rope  wound  in  opposite  directions,  while  the  section  of  the 
drum  near  the  flanges  and  next  to  the  dead  turns^receives  the  rope  wound 
in  one  direction  only.  The  wear  of  the  center  portion  of  the  drum  is 
very  rapid  compared  with  the  end  portions,  and  has  been  so  great  in 
some  instances  that  the  hoist  builders  have  furnished  a  renewable  section 
in  the  center  of  the  drum,  which  can  be  readily  changed  when  worn. 

Those  who  have  traveled  on  any  of  the  large  hoists  in  Butte  know  that 
there  is  considerable  pulsation  during  the  accelerating  period,  because 
direct-connected  steam  or  air  hoists  are  used.  With  the  electric  hoist  the 
pull  applied  to  the  cable  is  much  more  uniform,  so  that  there  are  practi- 
cally no  pulsations  during  the  accelerating  period.  Do  the  authors  think 
that  there  would  be  any  increase  in  the  life  of  the  rope  if  an  electric  motor, 
with  its  more  uniform  torque,  were  used? 

Charles  E.  Locke,*  Cambridge,  Mass.  (written  discussion). — This 
paper  indicates  that  flat  ropes  are  being  superseded  by  round  ropes 
because  of  the  difficulties  of  operation  of  the  former  from  moving  ground. 
It  has  seemed  to  me  that  the  main  advantage  of  round  ropes  was  that  the 
wear  was  less  than  that  of  flat  ropes  and  that  round-rope  hoists  therefore 
were  more  economical  when  costs  were  figured  over  a  considerable  period 
of  years  and  account  was  taken  of  interest  and  depreciation.  It  would 
be  interesting  if  the  authors  could  supply'  figures  showing  the  relative 
wear  and  cost  of  round  and  flat  ropes. 

The  practice,  in  the  Butte  district,  of  winding  more  than  one  layer 
of  rope  on  the  drum  is  in  contrast  with  the  Lake  Superior  copper  district, 
where  the  drums  are  made  large  enough  for  the  entire  rope  to  be  wound 
in  one  layer  only.  One  reason  for  the  Butte  practice  is  lack  of  room  around 
the  shafts.  I  would  like  to  know  whether  the  Anaconda  engineers 
have  considered  the  possible  economy  in  the  use  of  larger  drums,  to  avoid 
some  of  the  troubles  mentioned  in  the  paper  which  have  led  to  some  of 
the  ingenious  methods  described  for  overcoming  them. 

Local  wear  of  rope  and  of  sheaves  is  met  by  all  companies.  When 
the  length  of  hoist  is  constant,  for  example,  in  the  mining  of  a  fiat  seam 
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of  coal  through  a  vertical  shaft,  it  may  mean  considerable  local  wear  of 
the  rope  because  of  the  slipping  of  the  rope  on  the  shield  during  the  period 
of  acceleration.  Where  hoisting  is  done  from  various  levels,  this  local 
wear  is  not  so  pronounced  but,  nevertheless,  exists.  Have  the  authors 
given  any  consideration  to  the  use  of  friction  head  sheaves  in  which 
the  wear  is  taken  largely  by  a  false  lining  instead  of  by  the  rope,  similar  to 
the  device  used  by  the  Calumet  and  Hecla  Co.  on  its  Whiting  hoists  at  the 
Red  Jacket  shaft?  There  the  driving  sheaves  have  false  circumferences 
which  save  wear  of  both  the  rope  and  the  sheaves. 


124  STOPE  COST  RECORDS  AND  MINE  CONTRACTS 


Stope  Cost  Records  and  Mine  Contracts  of  the  Anaconda 
Copper  Mining  Co. 

By  C.  L.  Berrien,*  Butte,  Mont. 

(New  York  Meeting,  February,  1922) 

Before  the  present  company  was  formed,  in  1916,  each  group  of 
mines  comprising  the  old  organizations  made  its  detailed  daily  and 
monthly  mine  cost  records  along  the  lines  used  before  the  consolidation; 
that  is,  there  was  no  attempt  made  to  standardize  and  compare  the  stope 
costs  of  all  mines.  The  general  cost  sheets  for  all  mines,  however,  were 
standardized,  and  cumulative  labor  cost  sheets  were  compiled  in  the 
general  superintendent's  office.  At  most  of  the  mines,  a  daily  record  or 
distribution  sheet  for  each  working  place  was  kept,  showing  the  number 
of  men,  hours  of  drilling,  hours  of  timbering,  hours  of  tramming,  cars  of 
ore,  cars  of  waste,  sticks  of  powder  and  feet  of  fuse.  This  information 
was  kept  by  each  shift  boss  and  entered  on  the  distribution  sheet  by  him 
or,  at  some  mines,  by  a  tram  boss.  The  superintendent  solved  his  own 
problems  under  the  direction  of  the  general  superintendent,  but  without 
coming  in  touch  with  other  superintendents,  either  through  records  or 
general  conferences. 

Probably  95  per  cent,  of  the  stopes  were  square-set  worked  by  day's 
pay;  there  were  some  back-filKng  and  shrinkage  stopes.  Many  of  the 
development  places,  such  as  shaft  sinking,  station  cutting,  drifting  and 
raises  had  always  been  run  by  contract.  These  contracts  were  given,  for 
no  definite  period,  at  so  much  per  linear  foot  and  were  measured  monthly, 
or  when  completed,  the  men  being  paid  monthly.  In  some  cases,  fairness 
to  the  employee  was  not  maintained.  On  the  whole,  there  was 
no  standardization.  There  were  no  stope  contracts,  because  of  the 
objections  of  the  Western  Federation  of  Miners  to  general  contracting 
in  the  mines. 

Changes  in  Stoping  Methods 

Early  in  1916,  W.  B.  Dalj^,  then  general  superintendent,  and  the 
author,  then  assistant  general  superintendent,  visited  the  Southwest 
mining   districts  with   the   object   of  finding   some   improved   mining 

*  General  Superintendent  of  Mines. 
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methods.  On  account  of  local  conditions  on  the  surface,  as  well  as 
underground,  the  fact  was  kept  in  mind  that  no  new  method  would 
be  acceptable  that  would  cause: 

1.  A  settling  of  the  surface  or  any  underground  workings  or  shafts 
then  in  use,  or  that  would  be  used  in  the  future. 

2.  A  lowering  of  the  grade  of  the  ore. 

3.  A  violation  of  the  rules  of  the  Safety  First  department. 
The  result  of  this  trip  was  the  adoption  of  the  following  methods: 

1.  The  cut  and  fill,  or  rill  system,  in  all  veins  where  the  ore  and  walls 
are  fairly  hard,  whether  the  ore  must  be  sorted  or  not. 

2.  The  timbered  rill,  where  the  ore  and  walls  are  not  hard,  whether 
the  ore  must  be  sorted  or  not. 

3.  The  use  of  chutes  every  fifth  set  in  square-set  stopes  and  the  more 
general  use  of  slides  to  chutes. 

4.  The  keeping  of  daily  cumulative  detailed  costs  for  each  stope  that 
the  foreman  may  check  the  efficiency  of  his  men. 

5.  The  employment  at  each  mine  of  men  having  a  thorough  knowl- 
edge of  underground  mining  and  accounting  to  maintain  a  system  of 
detailed  costs. 

Record  Forms 

In  connection  with  these  new  methods,  it  was  our  desire  to  provide 
for  obtaining,  recording,,  and  using  the  following  information: 

1.  The  comparative  efficiency  of  different  stoping  methods. 

2.  The  comparative  cost  of  labor  by  different  stoping  methods. 

3.  The  comparative  cost  of  supplies  by  different  stoping  methods. 

4.  Total  saving  by  new  methods  over  old. 

5.  Efficiency,  labor  and  supply  costs  of  each  stope  in  each  mine  and 
the  separate  details  of  these  costs. 

6.  Periodical  cumulative  costs  of  all  stopes. 

7.  A  record  of  all  mines  stope  costs  for  each  foreman  and  superin- 
tendent. 

Fig.  1  is  the  record  sheet  used  at  each  mine.  The  first  column  con- 
tains the  days  of  the  month  divided  into  groups  of  three  days,  the  second 
column  is  for  the  stope  number.  Under  tonnage  are  car  tally,  tons  and 
tons  per  man;  the  product  of  a  factor  times  the  car  tally  gives  the  number 
of  tons.  Under  labor  are  the  subdivisions  of  breaking  ground,  timbering, 
shoveling  and  bulldozing,  filling,  and  total.  Under  each  subdivision  is 
a  column  for  days  or  shifts,  and  one  for  money.  The  information  that 
goes  under  days  is  obtained  by  the  shift  boss,  who  enters  it  on  the  form 
shown  in  Fig.  2;  the  foreman's  clerk  completes  the  Fig.  1  record. 

The  same  plan  is  followed  in  obtaining  the  supply  cost.  In  this  case 
the  shift  bosses  use  the  form  shown  in  Fig.  3,  which,  in  turn,  is  handed  to 
the  clerk  for  figuring  the  money  and  entering  on  the  stope  cost  record. 
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The  recording  of  labor  by  the  shift  boss  is  by  shifts  of  8  hr.  or  quarters 
thereof.  He  also  records  this  information  for  all  other  mine  work.  The 
system  of  obtaining  the  supply  cost  was  made  as  simple  as  possible, 
because  in  a  mine  there  is  a  Umit  to  this  work  that  is  not  found  in 
a  factory. 


MINE     LABOR     DATE 

1 

STORE 

MEN 

Cars  Ore 

Drilling 

Timbering 

Shovelinj 

FJUing 

Hours  Air 

1 , 

Fig.  2. 


Air  is  recorded  by  hours,  with  3  hr.  for  a  full  shift  of  drilling  with  a 
stoper  drill,  and  5  hr.  for  drifting  drills.  This  is  the  proportion  of  these 
drills  in  air  consumption;  15  cents  was  the  cost  of  an  hour  of  air. 


MINE     SUPPLIES     DATE 

STOPE 

Posts 

Cap? 

Girts 

gtullB 

Lagging 

Special 

Powjer 

Caps 

fuse 

Fig.  3. 


Timber  placed  is  recorded  only  once  in  24  hr.  instead  of  by  8-hr. 
shifts.  If  recorded  by  each  shift,  duphcation  would  result,  as  it  is  im- 
possible for  bosses  to  know  whether  all  sets  are  placed  and  blocked.    All 
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mines  use  the  same  cost  per  hour  of  air  and  for  a  post,  a  cap,  a  girt,  a 
set  of  lagging,  etc. 

On  the  right  hand  side  of  Fig.  1  are  columns  that  were  added  to  this 
sheet  when  the  practice  of  contract  stoping  was  started  in  1918. 

Each  mine,  at  the  end  of  the  month,  has  a  completed  stope  cost 
record,  which  is  sent  to  the  office  of  the  general  superintendent,  where  the 
general  stope  cost  record  for  all  mines  is  made  up;  see  Fig.  4.  This 
sheet  is  almost  a  duplication  of  the  mine  stope  cost  record.  It  is  made  on 
tracing  cloth,  and  blueprints  of  it  are  sent  to  each  foreman  and  assistant 
superintendent.  Powder,  caps,  and  fuse  are  combined  under  explosives 
and  net  savings  of  the  other  methods  over  square-set  stoping  are  shown. 
This  system,  and  the  methods  of  obtaining  the  information,  have  been 
used  five  years  and  have  required  no  changes. 

Mine  Contracts 

The  custom  of  contracting  on  sills,  in  shafts,  raises,  and  stations  still 
is  carried  on;  repair  work,  stoping,  tramming  and  all  other  work  had 
always  been  by  day's  pay.  Stope  contracting,  though,  was  not  practiced 
until  April,  1919.  This  system  was  gradually  installed  until,  by  July  1, 
1919,  it  was  an  actual  working  success  in  all  stopes  at  all  mines.  We  had 
all  had  years  of  experience  in  contract  price  setting  for  level,  raise  and 
shaft  work,  so  little  difficulty  was  met  in  setting  stope  prices.  Work  in 
all  stopes,  raises,  drifts,  crosscuts,  shafts  and  winzes  is  now  done  by  con- 
tract on  a  cubic-foot  basis,  the  price  per  cubic  foot  being  regulated  accord- 
ing to  conditions,  such  as  the  hardness  of  the  ore  or  waste,  the  width  of 
the  ore,  the  method  of  stoping,  accessibiUty,  temperature,  and  humidity. 

The  working  places  are  measured  each  Wednesday  by  men  from  the 
mining  engineering  department,  assisted  by  samplers  and  efficiency  men, 
the  work  being  checked  by  the  foreman  of  the  mine. 

The  contracts  are  made  for  one  week,  at  a  set  price,  but  may  be 
terminated  after  one  day  by  either  the  foreman  or  the  contractors.  The 
men  are  notified  of  the  price  on  Thursday  morning,  which  is  the  beginning 
of  each  contract  week.  No  change  in  the  rate  per  foot  is  permitted 
during  the  life  of  the  contract,  but  adjustments  are  made  in  special  cases, 
which  must  be  noted  by  both  the  engineer  and  the  foreman.  If  any 
change  in  conditions  arises  during  the  week,  making  the  price  too  favorable 
to  the  men  and  permitting  them  to  earn  too  high  a  wage  rate,  the  foreman 
terminates  the  contract  and  establishes  a  new  rate.  Likewise,  if  condi- 
tions unfavorable  to  the  men  arise,  the  rate  is  raised  and  a  new  contract 
started.  These  rules  are  enforced  strictly  for  the  purpose  of  preventing 
favoritism  and  seeing  that  the  men  receive  a  fair  reward. 

Fig.  5  is  the  form  of  report  made  out  by  the  engineer.  This  record 
includes  the  contract  number,  working-place  number,  method  of  stoping, 
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amount  of  excavation  or  advance,  size,  timbered  or  not  timbered,  price, 
total  money,  shifts  worked,  rate  per  day,  and  remarks.  One  copy  of 
this  report  goes  through  the  foreman,  timekeeper,  and  mines  pay  office 
to  the  general  superintendent,  and  another  copy  through  the  chief 
engineer's  office  to  the  general  superintendent.  In  the  general  superin- 
tendent's office,  a  contract  record  of  every  contract  in  each  mine  is  made 
up,  on  the  form  shown  in  Fig.  6,  by  combining  the  records  for  all 
mines.  The  form  explains  itself;  "T"  is  for  timbered  and  "N.T. "  is 
for  not  timbered,  there  being  this  division  of  work  during  some  weeks 
in  some  contracts. 

On  every  second  Tuesday,  a  joint  meeting  of  all  the  foremen  and 
assistant  general  superintendents  is  held,  at  which  the  assistant  manager 
and  general  superintendent  preside.  The  results  of  each  contract  at  each 
mine  are  then  read.  If  it  appears  that  any  set  of  contractors  has  earned 
too  high,  or  too  low,  a  rate  per  day,  the  foreman  must  explain  whether  it 
was  on  account  of  the  conditions,  too  low  or  too  high  a  price  per  foot,  or 
the  direct  fault  of  the  men.  .  If  the  price  was  too  low,  it  must  be  raised; 
if  it  was  the  fault  of  the  men,  they  are  discharged.  Every  detail  is  dis- 
cussed to  discover  abuses  and  a  close  check  is  kept  for  the  correction 
of  any  that  may  be  found.  At  these  meetings,  matters  of  general  interest 
are  discussed  and  general  operating  instructions  are  given. 

General  Benefits  Derived 

The  cost  per  ton  of  ore  is  less  by  contract.  The  men  who  are  willing 
to  work  are  given  some  individuahty  and  the  conservative  men  are 
inchned  to  break  away  from  thel.W.W.  theory  of  doing  as  little  as  possible 
in  order  to  get  by. 

The  stope  cost  record  and  contract  system  have  given  a  more  accu- 
rate check  on  the  cost  of  underground  operations  than  any  method  we 
have  used. 

By  subtracting  the  ore  tally  from  the  engineers'  contract  measure- 
ments, a  direct  check  on  waste  broken  or  tons  of  rock  broken  to  obtain 
a  ton  of  ore  in  each  stope  is  obtained. 

Measurement  is  allowed  between  the  walls  only,  except  where  the 
wall  is  removed  for  timber.  It  is,  therefore,  to  the  best  interests  of  the 
men  not  to  break  the  walls,  and  the  ore  is  kept  cleaner  and  the  average 
grade  increased. 

By  taking  the  difference  between  the  total  labor  cost  of  a  stope  on 
the  stope  cost  record  and  the  total  contract  money,  the  direct  percentage 
of  contracting  in  each  stope  or  at  each  mine  is  obtained.  Over  90  per 
cent,  of  the  stope  shifts  are  contract  shifts.  Any  comparative  cost  data 
desired  may  be  obtained  directly  from  these  records. 

The  contract  system  tends  to  keep  the  foremen  and  all  bosses  in  closer 
touch  with  the  mine  and  creates  better  supervision.     When  contracts 
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are  given,  the  list  is  posted  at  the  mine  showing  price  per  foot  and,  when 
finished,  full  information  of  the  results  is  posted  showing :  contract  number, 
working  place,  price  per  foot,  total  shifts,  total  money,  and  rate  earned. 
Every  man  at  the  mine  is  paid  weekly,  which  accounts  for  a  great  part  of 
the  successful  operation  of  contracts. 

Conclusion 

It  is  understood  at  all  mines  that  any  contractor  is  free  to  interview  the 
foreman  of  the  mine  and,  if  a  satisfactory  adjustment  of  his  complaint 
is  not  made,  he  may  take  his  case  to  the  company  labor  commissioner. 
The  case  is  then  brought  to  the  general  superintendent.  During  the 
period  of  general  contracting  from  April,  1919,  to  date,  over  60,000  con- 
tracts have  been  let,  but  only  six  have  been  brought  to  the  general 
superintendent  for  adjustment.  This  record  is  sufficient  evidence  that 
the  method  is  a  proper  one,  and  can  only  be  attained  by  the  most  careful 
superintendence  and  absolute  fairness  to  the  employees. 
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Organization  of  Mine  Sampling  at  Anaconda 

By  W.   B.   Daly*  and  F.   A.  Linforth,!  Butte,   Mont. 

(New  York  Meeting,  February,  1922) 

The  sampling  and  estimating  of  the  orebodies  in  the  mines  of  the 
Anaconda  Copper  Mining  Co.,  at  Butte,  have  been  made  a  part  of  the 
work  of  the  geological  department.  The  wisdom  of  this  assignment  is 
apparent,  considering  the  organization  of  that  department,  the  nature  of 
its  records,  and  the  scope  of  its  regular  work.  In  the  first  place,  the 
district  is  divided  into  units  of  two  or  three  mines  each  and  a  geologist 
is  assigned  to  each  group.  His  trips  to  all  the  working  places  are  frequent 
and  he  follows  the  mining  operations  closely.  His  notes  are  graphic  and 
detailed.  In  the  office,  he  posts  his  notes  on  the  standard  maps  and 
sections  and  on  special  maps  for  correlation  purposes.  With  the  approval 
of  the  chief  or  assistant  chief  geologist,  he  recommends  development 
work  underground  and  watches  its  progress.  This  gives  the  geological 
department  a  precise  knowledge  of  the  character  of  each  orebody. 

Sampling  is  done  by  one  or  two  samplers  at  each  mine  working  under 
a  chief  sampler  stationed  in  the  geological  office.  The  chief  sampler  has 
access  to  all  the  office  maps  and  is  in  frequent  consultation  with  the 
geologists;  his  instructions  to  the  samplers  are  issued  with  the  approval 
of  the  chief  or  assistant  chief  geologist.  Not  onlj^  is  it  important  that 
the  geologic  information  be  used  to  direct  the  sampling  but  the  reports 
of  the  samplers  and  the  records  kept  by  their  chief  are  useful  to 
the  geologist,  who  needs  them  in  his  work  of  estimating  ore  reserves 
and  deciding  on  recommendations  for  development  work.  The  sam- 
pler, moreover,  is  at  the  mine  every  day  and  makes  a  daily  report, 
which  keeps  the  geologist  in  close  touch  with  the  progress  of  develop- 
ment work. 

The  sampler  is  attached  to  the  mine  office  and  thus  comes  under  the 
jurisdiction  of  the  operating  department.  In  fact,  any  special  orders 
prepared  by  the  chief  sampler  are  submitted  to  the  general  superintendent, 
after  approval  by  the  geological  department.     The  mine  foreman  may 
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also  order  certain  special  samples  taken  for  him,  if  those  required  by  the 
sampling  department  do  not  fully  meet  his  requirements.  The  samplers 
are  selected  by  the  geological  department  with  the  approval  of  the  operat- 
ing department;  they  are  generally  young  men  with  some  technical 
training.  The  cooperation  between  the  operating  department  and  the 
geological  office,  which  has  long  existed  in  Butte,  makes  this  organiza- 
tion of  the  sampling  branch  practical  and  efficient. 

The  Orebodies 

The  ore  deposits  to  be  sampled  are  veins  varying  in  width  from  a  few 
inches  to  50  or  60  ft.  Steep  dips  predominate  although  dips  at  all  angles 
are  found.  The  veins  belong  to  a  complex  system  of  Assuring  of  different 
ages  and  present  a  wide  variety  of  vein  filling.  Some  exposures  present 
a  hard  mineralization  of  fairly  uniform  character  from  wall  to  wall,  but 
many  contain  bands  of  altered  granite,  crushed  in  the  process  of  faulting 
and  carrying  only  scattered  particles  of  metallic  sulfides.  A  large  part  of 
the  orebodies  consist  of  veinlets  of  chalcocite  or  enargite  traversing 
granite  in  such  close  succession  as  to  make  valuable  ore  of  certain  masses. 
Throughout  the  district,  however,  the  structural  features  are  fairly  well 
defined  and  have  served  as  a  guide  to  the  sampling. 

Standardization 

The  first  step  under  the  present  organization  was  to  classify  all  the 
probable  occurrences  to  be  sampled  into  a  few  standard  types.  Four 
types  were  found  to  be  enough  to  cover  all  exposures  in  the  faces  of  drifts; 
they  are:  Uniform  ore;  part  good  and  part  low  grade;  part  good,  part  low 
grade,  and  part  waste;  narrow  streak  good  but  balance  doubtful. 

The  types  are  shown  on  drawings  on  a  fairly  large  scale,  together  with 
some  plans  and  sections  of  crosscut  exposures  and  type  sections  of  raises. 
The  required  sampling  is  indicated  definitely  on  each  sketch  and  a 
colored  print  of  each  is  given  to  each  sampler.  This  serves  as  a  basis 
for  all  the  sampling  and,  with  certain  written  instructions  accompanying 
each  print,  the  results  from  all  the  mines  are  the  same  and  the  personal 
equation  is  eliminated.     Figs.  1  and  2  show  these  standardization  charts. 

Underground  Methods 

The  sampler  is  required  to  examine  each  place  to  be  sampled  and 
decide  to  which  type  it  belongs.  He  then  takes  the  required  number  of 
samples,  at  breast  height,  along  a  horizontal  line,  irrespective  of  the  dip 
of  the  vein.  He  also  measures  the  width  horizontally.  This  measure- 
ment is  correct  because  the  longitudinal  sections  upon  which  the  ore 
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blocks  are  laid  out  are  projections  on  vertical  planes.  The  ideal  cut,  or 
channel,  across  the  face  of  the  drift  is  impractical,  from  an  operating 
point  of  view.     Too  much  time  would  be  lost  if  the  miners  had  to  wait 
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while  the  sampler  laid  out  and  chiseled  a  neat  groove  across  the  vein; 
indeed,  the  varying  degree  of  hardness  of  parts  of  the  vein  would  make 
such  procedure  difficult.     The  same  results  are  obtained  by  the  use 
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of  the  sampler's  pick.  The  sampler  takes  equal  amounts  of  material 
from  points  along  a  predetermined  line  and  catches  it  in  a  sack  [held 
open  by  a  wire  ring.     Tests  show  that  the  accuracy "^of  such  sampling 
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is  sufficient  for  operating  purposes.  For  instance,  samplers  were  required 
to  take  duplicate  samples  at  each  face  of  four  drifts  during  the  progress  of 
the  work.     One  set  of  samples  was  called  series  A  and  the  other  series  B. 
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The  drifts  varied  in  length  from  93  to  199  ft.  Two  sets  of  averages 
were  prepared,  one  from  series  A  and  one  from  series  B;  the  results 
are  as  follows: 


Drift  No. 

Length,  Feet 

Series 

Copper, 
Per  Cent. 

Silver, 
Ounces 

Zinc, 
Per  Cent. 

1 

93 

A 

10.0 

4.1 

B 

9.7 

4.1 

2 

97 

A 

2.4 

3.8 

11.4 

B 

2.3 

3.9 

11.8 

3 

167 

A 

5.6 

4.3 

B 

5.7 

4.6 

4 

199 

A 

5.0 

4.0 

B 

5.0 

4.3 

Other  tests  are  made  from  time  to  time  and  the  chief  sampler  makes 
frequent  trips  underground,  accompanying  the  mine  sampler,  and  takes 
duplicates  of  the  day's  samples.  They  do  this  independently,  in  fact 
without  watching  each  other.  A  record  is  kept  of  these  duphcates  and 
each  man's  results  in  his  mine  are  tabulated  for  comparison  with  the 
results  obtained  by  the  chief.  Assuming  that  the  chief's  samples  are 
correctly  and  accurately  taken,  the  men  are  rated  as  high  or  low  and  are 
cautioned  in  the  right  direction.  In  order  to  be  sure  of  the  value  of  these 
tests,  the  assayer's  results  are  checked  from  time  to  time  by  carefully 
dividing  a  sample  and  sending  parts  to  the  four  assay  laboratories. 

From  time  to  time  a  meeting  of  the  samplers  is  held  and  questions 
are  asked.  Occasionally,  at  these  meetings,  demonstrations  are  made  to 
show  how  errors  may  creep  in  and  to  assist  in  the  standardization  of 
the  methods. 

Reports 

The  samples  taken  are  sent  each  day  to  the  assay  laboratory  and  the 
results  returned  to  the  sampler  the  next  day.  He  keeps  a  record  of  the 
results  in  a  book  prepared  for  the  purpose  and  makes  a  daily  report  to  the 
geological  office.  This  report  is  a  simple  form,  calling  attention  to  new 
places  started  and  giving  the  results  of  the  day's  assays.  These  reports 
serve  to  check  the  calculation  of  the  more  formal  weekly  reports,  which 
contain  the  average  of  the  samples  taken  in  each  place  for  the  week.  The 
daily  results  are  also  copied  into  loose-leaf  ledgers  so  that  any  averages  re- 
quired may  be  figured.  They  are  then  given  to  the  geologists,  who  thereby 
keep  in  close  touch  with  the  progress  of  the  development  work.  The 
weekly  report  ends  with  the  samples  taken  and  work  done  on  Wednes- 
day so  that  assay  results  are  available;  the  averages  are  figured  and  the 
reports  delivered  to  the  general  superintendent  and  the  geological  depart- 
ment on  Friday.  The  method  of  figuring  averages  has  been  carefully 
standardized  and  the  samplers  are  provided  with  type  forms  to  show  dif- 
ferent cases.    The  weekly  report  gives  the  progress  for  the  week,  the  total 
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to  date,  and  other  relative  data  besides  the  average  assay  value.     Fig.  3 
shows  a  typical  daily  report  and  Fig.  4  a  weekly  form. 
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Fig.  4. — Weekly  sample  report. 


Office  Records 

The  principal  office  record  consists  of  a  set  of  cards  cut  from  standard 
cross-section  paper,  ruled  to  tenths  of  an  inch.  Each  drift  and  raise  has 
a  card  and  is  identified  by  its  number  in  the  upper  right-hand  corner; 
the  name  of  the  mine  is  in  the  left-hand  corner.  The  cards  are  kept  in 
small  boxes;  they  are  arranged  in  alphabetical  order  for  the  mines  and 
in  numerical  order  for  the  cards  in  each  mine.  The  horizontal  scale  on 
the  cards  is  1  in.  =  50  ft.,  which  is  the  same  as  the  standard  geologic  map. 
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The  vertical  scale  is  1  in.  =  10  per  cent,  for  copper,  or  10  oz.  for  silver.  A 
definite  starting  point  is  marked  and  a  curve  is  plotted  for  each  metal, 
using  the  weekly  advance  report  to  get  the  positions  on  the  horizontal 
scale  and  the  assay  averages  on  the  vertical.  A  black  curve  is  used  for 
copper  and  a  red  one  for  silver.  The  width  of  the  sample  is  written  under 
the  base  Une  in  its  proper  place.  These  curves  are  useful  in  many  ways. 
By  placing  one  under  the  standard  geologic  map  of  the  corresponding 
drift,  it  becomes  an  assay  map.  The  curve  shows  the  location  of  the 
better  ore  along  the  drift,  it  shows  the  proportion  of  silver  to  copper, 
and  allows  a  fair  estimate  of  the  average  assay  value  at  a  glance.  If  a 
curve  descends  precipitously  to  the  zero  line,  the  geologist  visits  the  place 
to  see  if.  the  vein  has  been  faulted  or  if  some  change  in  the  development 
work  can  be  made.     Curves  for  raises  are  plotted  from  vertical  base 
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Fig.  5. — Office  sample  record. 

lines  and  are  equally  useful.  Fig.  5  shows  a  typical  assay  curve  card 
For  special  averages  or  other  information  and  for  estimates  connected 
with  ore  reserves,  the  ledgers  containing  copies  of  the  daily  reports  are 
used  but  the  curves  are  satisfactory  for  most  purposes. 

For  the  estimating  of  ore  reserves,  there  is  a  longitudinal  section  of 
each  vein  made  to  a  scale  of  1  in.  =  100  ft.  and  projected  on  a  vertical  plane 
parallel  to  the  strike  of  the  vein.  A  certain  minimum  width  and  assay 
value  is  assigned  by  the  operating  department  as  the  lower  limit  for  ore. 
Then  the  drifts  and  raises  on  the  long  section  are  colored  red  wherever 
the  assay  curve  shows  the  required  grade  of  copper  ore  and  green  for 
zinc.  Waste  drifts  and  raises  are  colored  gray.  This  color  scheme  shows 
quite  plainly  what  should  be  included  in  the  ore  reserve  for  each  section. 
Blocks  are,  therefore,  laid  out  upon  the  section  and  their  volume  and 
tonnage  calculated  in  the  usual  way.  For  the  grade  of  these  blocks  prop- 
erly weighted,  averages  are  calculated  either  from  the  curve  records  or 
from  the  more  complete  daily  reports  in  the  ledgers. 


DISCUSSION  141 

DISCUSSION 

George  A.  Packard,  Boston,  Mass. — This  paper  gives  valuable 
suggestions  in  determining  the  individual  coefficients  of  men  taking 
samples.  If  we  could  have  on  file  the  personal  coefficients  of  every 
sampler  in  the  country,  as  compared  with  accurate  samples  taken  under 
different  conditions,  it  would  be  most  advantageous.  It  is  remarkable 
that  practically  all  samplers  get  too  high  results. 

It  has  been  stated  here  that  a  factor  of  safety  is  not  necessary  where 
the  whole  orebody  is  mined  and  there  is  no  waste  capping  to  be  considered, 
because  there  is  no  dilution  in  mining;  but  in  cases  where  dilution  is 
possible,  it  is  a  question  how  largely  the  decrease  in  value  of  ore  mined, 
as  compared  with  sample  averages,  is  a  matter  of  dilution  and  how 
largely  the  factor  of  error  in  the  individual  sampling.  If  it  is  a  factor  of 
error,  why  is  it  always  too  high? 

A  few  months  ago  the  manager  of  a  mine  in  California,  which  was 
mining  gold  ore  that  varied  from  $4  to  $50  per  ton,  said  that  the  mill 
results  were  between  80  and  85  per  cent,  of  the  average  mine  samples. 
Those  mine  samples  were  not  always  channel  samples;  some  were  car 
samples,  a  shovelful  being  taken  from  the  top  of  each  car,  which,  of 
course,  is  very  inadequate  sampling.  At  a  copper  mine  where  the  ore 
occurs  in  beds,  varying  from  5  to  40  ft.  in  thickness,  the  ore  from  which 
is  shipped  to  a  smelter  and  according  to  the  smelter  analysis  runs  from 
2.5  to  2.7  per  cent,  copper,  there  is  a  decrease  of  about  8  per  cent,  in  the 
total  value  below  the  mine  assays.  That  is  not  always  the  result  of  dilu- 
tion. These  are  merely  examples,  but  apparently  always  have  the  dis- 
crepancy in  the  same  direction.  Must  we  not  continue  to  use  a  factor  of 
safety  in  practically  all  sampling  operations  unless  we  can  get  the  per- 
sonal coefficient  of  all  samplers  employed? 

W.  B.  Daly. — The  average  foreman  has  pride  in  his  mine  and  is  opti- 
mistic about  its  development,  so  there  is  a  tendency  on  his  part  to  exag- 
gerate the  value  of  a  drift  that  he  is  driving.  But  it  does  not  make  any 
difference  to  the  sampler  whether  a  drift  is  or  is  not  ore  and  as  he  is  not 
going  to  benefit  one  way  or  the  other  by  it,  he  has  no  grounds  for  undue 
optimism.  For  this  reason,  if  the  sampler  operates  independently  of 
the  foreman,  we  feel  that  our  method  comes  closer  to  the  actual  value  of 
the  face  than  would  be  possible  in  any  other  way. 

B.  B.  GoTTSBERGER,  New  York.— In  taking  the  ore  from  the  different 
parts  of  the  mine,  is  the  ore  actually  sent  out  sampled  and  is  an  effort 
made  to  get  ore  from  different  parts  of  the  mine  to  check  against  a 
miU  sample? 

W.  B.  Daly. — That  is  done  where  development  work  is  being  carried 
on ;  that  is  in  drifting,  not  stoping. 
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B.  B.  GoTTSBERGER. — I  meaiit  particularly  ore  coming  out  of  stopes* 
Do  you  try  to  keep  the  exact  grade  of  ore  in  each  stope  and  combine  that 
with  the  tonnage? 

W.  B.  Daly. — We  keep  the  stope  and  drift  samples  separate.  Of 
course  the  ore  varies  from  drift  to  stope  and  from  one  floor  to  the  other. 
It  varies  materially  from  floor  to  floor  but  the  average  has  usually  worked 
out  pretty  nearly  with  the  drift. 

If  the  samplers  and  assayers  are  put  under  general  jurisdiction  and 
not  under  the  mill  or  smelter  foreman,  the  discrepancy  will  not  occur. 
We  found  that  where  the  sampler  at  the  mine  was  under  the  jurisdiction 
of  the  foreman,  that  he  had  better  samples  than  when  he  was  placed  under 
general  jurisdiction. 


i 


HANDLING    ORE    IN    MINES    OF   BUTTE    DISTRICT  1  iA 


Handling  Ore  in  Mines  of  Butte  District 

By  H.  R.  Tunnell,  Butte,  Mont. 

(New  York  Meeting,  February,  1922) 

Every  one  connected  with  a  mine  knows  that  it  is  hard  to  keep  down 
the  costs  of  moving  ore  from  the  place  where  it  is  broken  to  the  shaft  or 
portal.  Considered  broadly,  the  subject  of  handling  would  cover  all 
work  done  in  a  mine,  but  here  it  has  been  Hmited  to  handhng  ore  in 
stopes  and  drifts,  through  chutes,  and  on  levels.  Good  ventilation  and  a 
strict  enforcement  of  rules  for  the  prevention  of  dust  safeguard  the  health 
of  the  men  and  lower  transportation  costs. 

Handling  Ore  in  Stopes  and  Drifts 

The  object  of  all  stoping  is  to  mine  ore  of  good  grade  at  low  cost. 
In  Butte,  most  of  the  ore  is  mined,  from  veins  dipping  from  60°  to  the 
horizontal  to  those  which  are  vertical,  by  means  of  square-set,  rill, 
timbered-rill,  and  back-filling  stopes.  When  blasted,  a  part  of  the  rock 
is  carried  by  gravity  to  the  grizzlies  over  the  chutes,  the  rest  is  shoveled. 

Rock,  when  broken  in  a  stope,  may  be  deflected  by  inclined  floors  or 
slides  toward  the  top  of  a  chute  leading  to  the  level  below.  Ore  broken 
clean  enough  to  ship  should  be  carried,  by  the  force  of  its  fall,  into  a  chute 
or  as  nearly  into  that  chute  as  the  safety  of  the  stope  and  the  men  permits. 
Ore  that  requires  sorting,  about  80  per  cent,  of  all  ore  mined,  is  caught 
on  a  grizzly  and  the  waste  picked  out.  Waste  rock  broken  in  a  stope  is 
used  to  fill  that  stope  and  should  be  blasted  into  the  gob  with  as  little 
handhng  as  possible. 

About  two-thirds  of  all  the  ore  mined  in  Butte  comes  from  square-set 
stopes;  this  method  was  used  in  nearly  all  cases  until  1912,  when  the  rill 
method  of  stoping  was  introduced  in  the  Tramway  mine,  of  the  Ana- 
conda Copper  Mining  Co.  The  shoveling  and  timbering  costs  in  square- 
set  stopes  are  high  when  compared  with  the  costs  in  the  rill  stopes.  All 
the  ore  cannot  be  carried  to  the  chute,  in  falling  from  place,  unless  the 
chutes  are  very  close  together  or  the  distance  from  the  back  of  the  stope 
to  the  top  of  the  chute  is  suflBcient  to  shde  all  the  ore  broken.  The 
number  of  chutes  is  limited  by  the  tendency  of  the  ground  to  cave;  if 
carried  too  close  together  the  stope  is  weakened.     Small  stopes,  or  blocks, 
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as  they  are  called,  are  used  in  working  a  large  orebody,  as  they  stand 
better  and  allow  more  of  the  ore  to  be  handled  on  slides. 

The  rill  stope  is  growing  in  favor  throughout  the  district.  These 
stopes  are  filled  with  waste  from  a  chute  at  the  upper  end  and  floors  are 
laid  on  this  waste.  The  ore  is  drilled  and  blasted  to  the  floor,  which  is 
from  40  to  45°  to  the  horizontal,  and  runs  to  the  grizzly  at  the  lower  end 
of  the  stope  at  a  minimum  cost  for  handling. 

The  timbered-rill  is  a  rill  stope  with  square-set  timbering;  it  is  used 
where  the  vein  is  too  wide  and  the  back  is  considered  unsafe  for  the  open- 
rill  method.  These  stopes  are  filled  and  the  ore  is  removed  as  in  the  open 
rills.  The  broken  ore  is  drawn  into  the  chute  as  cheaply,  save  for  some 
interference  by  the  stope  timbers  to  its  passage  down  the  floors.^ 

The  back-filling  stope  is  worked  without  timber  between  chutes. 
The  floors  are  level,  as  in  the  square-set  stopes,  yet  rest  on  the  waste 
filling  as  in  the  rills.  Except  where  the  veins  are  very  flat,  under  50°, 
the  back-filling  stope  has  been  supplanted  by  the  open  rill. 

Shoveling 

Laying  good  floors  and  slides  and  careful  sorting  on  the  grizzlies  are 
more  important  in  a  stope  than  using  a  shovel  to  put  rock  into  the  chute. 
Actual  shoveling  costs  vary  so  much  for  the  different  mines,  as  well  as 
for  the  individual  stopes  in  any  one  mine,  that  an  accurate  statement  of 
shoveling  will  not  be  given.  The  results  given  here  are  from  the  cost 
sheets  for  some  of  the  larger  mines  over  a  4-yr.  period. 

Comparative  Shoveling  Costs  for  Different  Methods  of  Stoping 

Square-set  stoping , 100 

Rill  stoping 75 

Timbered-rill  stoping 85 

Back-filling  stoping 120 

These  results  show  that:  The  rill  stope  is  the  most  economical;  the 
timbered-rill  stope  makes  the  application  of  the  rill  principle  more  general. 
The  back-filling  stope  is  used  to  meet  special  conditions;  the  square-set 
stope  is  still  used  in  heavy  ground  and  where  large  orebodies  are  to  be 
worked  in  blocks. 

All  the  ore  broken  in  drifts  is  shoveled  into  cars.  The  amount  shov- 
eled per  man  depends  on  car  service,  distance  to  be  trammed  by  the 
shovelers,  condition  of  cars  and  track,  and  ventilation,  as  well  as  the 
ability  of  the  men.  Slight  delays  in  getting  cars  sometimes  cause  con- 
siderable losses  in  efficiency;  for  instance,  two  men  who  have  averaged 
over  fifty  cars  per  shift  (35  tons)  shoveled,  trammed,  and  dumped  into  a 

'  H.  L.  Bicknell:  Rill  and  Timbered-rill  Stoping  in  Butte.  Compressed  Air 
Magazine  (1921)  26. 
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chute  may  shovel  but  thirty  cars  when  moved  to  another  drift,  because 
of]  bad  tracks,  stiff  cars,  poorly  trained  men  on  trains,  etc.  The 
well-trained  shoveler  of  exceptional  physique  can  overcome  unfavorable 
working  conditions,  but  good  car  service,  ventilation,  and  equipment 
must  be  maintained  if  the  average  man  is  to  do  a  satisfactory  shift's  work. 
If  a  drift  or  crosscut  is  timbered  to  the  breast,  because  of  heavy  ground, 
floors  are  laid  on  sills  or  spreaders;  if  untimbered,  turn  sheets  of  M-iii- 
steel  plate  are  placed  against  the  breast  to  receive  the  broken  ore.  About 
70  per  cent,  of  the  ore  broken  in  drifts  is  shoveled  from  floors  or  turn  sheets, 
the  remainder  from  the  rough  bottom.  From  12  to  18  tons  per  man-shift 
are  shoveled  in  drifts  and  crosscuts. 

A  No.  2  shovel  with  a  straight  handle  42  in.  long  is  used  throughout  the 
district;  short  shovels  with  a  D-shaped  handle  were  tried  but  were  not 
liked  by  the  miners.  The  tools  used  in  shoveling  are :  No.  2  square-point 
or  round-point  shovel;  No.  4  picks;  12-lb.  rock  hammers;  No.  4  steel 
wheelbarrows;  Anaconda-type  mine  cars.  The  grizzlies  are  timber  or 
steel  rails  spaced  4  to  10  inches. 
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Handling  Ore  in  Chutes 

When  an  orebody  is  encountered,  in  developing  a  new  level,  square 
sets  are  used  to  timber  the  level  along  the  vein,  or  the  sill  floor,  as  it  is 
called.  Enough  work  is  done  on  the  sill 
to  determine  the  quality  of  the  ore  and 
the  method  of  stoping  that  should  be 
adopted.  The  location  of  the  raises  is 
then  decided  and  one  is  started  as  soon  as 
possible  to  improve  ventilation. 

If  square-set  stopes  are  to  be  used, 
a  raise  with  one  chute  may  be  selected 
as  it  will  stand  better  in  heavy  ground. 
As  few  veins  are  vertical,  the  raise 
timbers  follow  the  foot  wall  and  offset 
from  time  to  time.  This  means  that  a 
floor  standing  vertically  above  the  one 
below  will  be  timbered  with  six  posts; 
the  offset  floors,  with  nine  or  twelve 
posts.  When  the  chutes  are  built,  these 
offsets,  by  breaking  the  fall  of  the  ore, 
reduce  the  wear  on  the  chute  lining.  If 
a  chute  is  vertical,  false  offsets  or  beats, 
Fig.  1,  may  be  used.  The  ore  mined 
in  driving  a  raise  of  this  type  must  be  sorted  at  the  chute  mouth  on 
the  level. 
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Sometimes  a  larger  raise  is  used;  two  chutes  may  be  carried  and  sort- 
ing landings  built  in  the  chute  sets.  Fig.  2  shows  a  raise  of  this  type. 
Each  chute  is  used  alternately  for  ore  and  waste  picked  off  the  grizzly 
is  thrown  into  the  other  chute.  These  large  raises  are  usually  driven  in 
connection  with  rill  stoping:  their  larger  cross  section  insures  better 
ventilation,  the  two  chutes  permit  closer  sorting  of  the  comparatively 
large  tonnage  mined  while  the  raise  is  being  driven,  and,  later,  waste  is 
furnished  the  rills  without  building  slides  across  the  raise  manway. 

In  laying  out  rill  stopes,  raises  are  driven  at  regular  intervals  along  the 
vein  as  each  raise  will,  when  holed,  furnish  waste  to  two  rills.     If  back- 


filHng  stopes  are  to  be  used,  the  raises  are  timbered  with  square  sets  but 
stope  chutes  are  sometimes  built  of  log-cabin  cribbing.  Stoping  starts 
and  stope  chutes  are  built  after  the  raises  are  holed  to  the  level  above. 
The  lower  floors  of  all  chutes  are  solidly  built  and  the  square  sets  of  both 
chute  and  manway  are  well  braced.  Transfer  chutes  are  often  driven 
without  timber,  in  solid  ground,  away  from  the  vein. 

Stope  chutes  and  transfer  chutes,  once  a  great  source  of  dust,  are 
kept  wet.  Water  is  piped  to  nearly  every  stope  and  as  the  dry  stoping 
machines  will  soon  be  replaced  by  stopers  using  water,  all  stopes  in  the 
district  will  soon  have  water  connections.  After  blasting,  the  rock  pile 
is  sprinkled,  and  Lf  dust  still  forms,  water  is  turned  into  the  chute. 

Fig.  3  shows  three  floors  forming  an  offset  in  a  chute.  The 
timbers  used  are  8  to  10-in.  round  posts  and  caps,  and  6  to  8-in.  girts  and 
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chute  centers.  The  lowest  floor  is  lined  on  three  sides  with  2-in.  lagging; 
on  the  fourth  side,  with  10  by  10-in.  bulkhead  pieces  laid  skin  to  skin. 
The  middle  floor  bulkhead  is  one-half  the  height  of  the  posts.  The  top 
floor  is  lined  with  2-in.  lagging  on  all  four  sides. 

Fig  4.  shows  three  ways  of  lining  a  chute ;  the  lowest  floor  is  bricked 
with  round  and  square  blocks  20  in.  long.  The  middle  floor  has  an  upright 
bulkhead  (10  by  lO-in.)  instead  of  the  usual  flat  bulkhead  of  Fig.  3.  The 
top  floor  is  bricked  on  four  sides  with  10  by  10-in.  bulkhead  pieces,  with 
2  by  6-in.  spacing  blocks  at  both  ends. 


Fig.  4. 


Handling  Ore  on  Levels 

Underground  haulage  is  divided  into  three  classes;  hand  tramming, 
animal  haulage  and  haulage  by  mechanical  means.  The  amount  of  ore 
to  be  handled,  length  of  haul,  size  of  haulageway  that  can  be  readily 
maintained,  and  the  grades  to  be  overcome,  determine  which  method 
is  best  adapted  to  any  level. 

Cars  of  the  same  type  but  of  two  sizes  are  used:  The  Anaconda  No.  1, 
used  in  two  mines,  is  20-in.  gage,  holds  16  cu.  ft.,  stands  3  ft.  10  in.  above 
the  rail,  and  is  2  ft.  2  in.  wide.  The  Anaconda  No.  2,  used  in  twenty- 
eight  mines,  is  18-in.  gage,  holds  14  cu.  ft.,  stands  3  ft.  10  in.  above  the 
rail,  and  is  2  ft.  0  in.  wide.     These  cars  are  small  for  motor  haulage  but, 
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because  of  the  heavy  ground,  caused  by  settlement  of  stopes  and  sills  in 
the  wide  orebodics,  it  has  not  been  considered  advisable  to  change  to  a 
larger  car.  Of  the  7000  cars  in  use  3000  have  roller-bearing  wheels,  which 
will  be  the  standard  equipment.  The  doors  are  in  front  but  the  cars  may 
be  swung  and  dumped  to  either  side;  when  dumping  at  the  side,  a  device 
prevents  the  car  tipping  back  and  injuring  the  trammer.  The  dumping 
lever  stands  in  a  vertical  position  at  the  back  of  the  car.  When  it  is 
moved  through  15°  the  car  is  free  to  swing,  but  the  door  is  held  by 
its  latch  until  the  lever  has  moved  its  full  travel.  Cars  recently  introduced 
at  two  of  the  mines  have  foot  levers  operating  very  ingenious  dump  locks 
and  door  latches  instead  of  the  usual  hand  levers. 

For  hand  tramming,  12  to  16-lb.  rails  are  used;  for  animal  haulage,  12, 
16,  and  25-lb.  rails;  and  for  locomotive  haulage,  25-lb.  rails.     The  switches 
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Fig.  5. 


Fig.  6. 


are  forged  from  standard  rail  and  in  nearly  all  cases  the  frogs  are  riveted 
to  ^i-in.  plate.  Long  tongue  and  latch  switches  are  used.  The  latch 
switches  are  made  single  and  double  throw,  switch  stands  and  spring 
latches  of  varying  design  are  used.  The  track  is  laid  on  ties  or  runners. 
The  ties  are  3  by  10  by  30  in.,  4  by  10  by  30  in  and  5  by  7  by  48  in.; 
and  are  spaced  from  20  to  42  in,;  the  runners  are  i  by  10  by  64  in.  In 
most  of  the  mines,  ditches  are  carried  under  the  center  of  the  track;  in 
the  others,  to  one  side  of  the  track.  The  average  grade  on  new  levels  is 
about  0.50  per  cent,  in  favor  of  loads.  Heavy  and  adverse  grades  in 
some  mines  are  the  result  of  careless  work  done  in  opening  levels  and  of 
settlement  of  the  ground  near  large  orebodies.  In  some  of  the  older 
mines,  while  shafts  and  stations  show  little  settlement,  the  upper  levels 
have  settled  several  feet  over  old  stopes.  With  extended  workings,  the 
cost  of  regrading  a  level  is  often  prohibitive. 
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There  are  wide  variations  in  the  size  and  design  of  chute  mouths 
at  the  different  mines;  the  sizes  run  from  22  in.  wide  by  24  in.  high  to  36 
in.  wide  by  20  in.  high.  Some  have  iron  doors,  as  in  Fig.  6,  with  levers; 
some  have  iron  stop  boards,  with  or  without  levers,  but  most  of  them  have 
simple  wooden  stop  boards.  The  chute  bottoms  are  inclined  from  35 
to  45°  to  the  horizontal,  and  are  protected 
from  wear  by  ^^-in.  steel  plate.  The  height  of 
the  lip  varies  from  4  to  18  in.  above  the  side 
of  the  car.  Wooden  stop  boards  are  used  in 
nearly  all  cases  where  the  trammer  loads  his 
own  car. 

Hand  and  Animal  Tramming 

Ore  is  trammed  by  hand  when  opening 
new  levels,  on  intermediate  levels,  and  where 
the  total  amount  to  be  handled  is  small  or  the 
distance  not  considerable.  Less  ore  is  trans- 
ferred from  chute  to  chute  than  in  the  past; 
nearly  all  ore  is  drawn  directly  from  stope 
chutes  by  trains  hauled  by  animals  or 
locomotives. 

Horses  and  mules  haul  about  15  per  cent,  of  the  ore.  A  horse  lives 
nearly  as  long  in  a  mine  as  on  the  surface,  many  working  there  from  10 
to  15  years;  regular  feeding,  careful  attention  by  stable  bosses  and  veterina- 
rian, and  occasional  periods  of  rest  on  the  surface  contribute  to  this  result. 
A  mine  horse  should  be  intelligent  and  kind ;  if  it  is  not  the  time  spent 
trying  to  train  it  will  be  wasted.  The  animal  is  usually  driven  single, 
but  for  long  hauls  two  or  more  horses  or  mules  driven  tandem  have  been 
used.  Ten  cars  form  the  standard  trip  for  one  animal,  but  because  of 
heavy  grades  shorter  trains  are  used  in  some  places.  A  good  mine  horse 
is  worth  from  $100  to  $150;  harness,  $35;  collar,  $8.  A  horse 
should  be  shod  once  a  month  if  it  is  worked  every  day.  The  cost  of  a 
horse  per  day  is  as  follows: 

Shoeing,  $3  per  month $0. 10 

Stable  boss,  caring  for  12  horses 0 .  50 

Fee'd 0 .  50 


Fig.  7. 


$1.10 


Care  must  be  exercised  in  locating  underground  barns.  The  ideal 
place  is  just  off  a  main  air  course,  where  the  animals  will  be  in  good  air 
but  not  in  a  draft  and  where  the  stable  smells  and  vitiated  air  will  go  to 
the  upcast  shaft,  without  passing  through  places  where  men  are  at  work. 
Provision  must  be  made  for  drainage.     The  ground  should  be  good,  as 
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a  considerable  opening  must  be  made  to  accommodate  two  or  more  horses. 
Stalls  should  not  be  less  than  4  ft.  6  in.  wide  by  16  ft.  from  the  track. 
A  stall  should  be  provided  for  each  horse  needed,  and  space  for  oat  box, 
hay,  and  water  tank.  Barns  have  water  piped  in  when  possible  and  are 
white-washed  at  regular  intervals  to  keep  them  light  and  sanitary. 

Mechanical  Haulage 

Electric  troUey  locomotives  have  been  used  in  the  Butte  district  for 
the  past  14  years.  All  tracks  and  switches  are  bonded  with  No.  4  soft- 
copper  wire.  The  minimum  radius  on  turns  is  10  ft.;  and  on  switches,  15 
ft.  Haulageways  are  timbered  not  less  than  4  ft.  2  in.  by  7  ft.  8  in.  and 
the  trolley  box  is  carried  at  least  6  ft.  8  in.  above  the  rail.  No.  0  hard- 
drawn  trolley  wire  is  carried  by  hangers  spaced  not  over  20  ft.  apart  in  a 
box  consisting  of  a  back  board  (2  by  6  in.)  nailed  to  drift  caps  or 
sprags  with  1  by  10  in.  side  boards.  Direct  current  of  250  volts  is 
suppUed  to  each  mine,  or  group  of  mines,  by  motor-generator  sets  located 
on  the  surface.  Protection  is  given  the  men  loading  at  the  chutes  by 
cut-out  switches,  or  by  insulating  the  wire  at  the  chute  mouths.  Lights 
are  placed  every  100  ft.  along  haulageways  and  over  switches.  Signal 
systems  employing  colored  lamps  are  used  where  more  than  one  locomo- 
tive is  worked  on  a  level. 

Seventeen  mines  use  trolley  locomotives — 17  Jeffreys,  24  General 
Electric,  and  107  Westinghouse-Baldwins.  These  locomotives  have  the 
following  dimensions : 

Baldwin   No.   901   or  Westinghouse- 

Baldwin  Jeffrey 

Weight 3H  tons  Weight 3^  tons 

Gage 18  in.  Gage 18  in. 

Wheel  base 3  ft.  Wheel  base 3  ft. 

Length lift.  Length lift. 

Speed 7  mi.  per  hr.  Speed 6  mi.  per  hr. 

Drawbar  puU 12001b.  Drawbar  pull 16001b. 

Under     normal     load  Under     normal     load 

motors  develop 22  hp.  motors  develop 12  hp. 

Storage-hattery  Locomotives 

Eight  years  ago  storage-battery  locomotives  were  tried  by  the  Butte 
&  Superior  Co.,  as  the  condition  of  the  haulageways,  because  of  very 
wide  orebodies  and  heavy  ground,  made  haulage  by  the  trolley-type 
impracticable.  These  locomotives  will  now  be  used  in  all  mines;  they 
do  away  with  the  overhead  trolley  wire,  which  is  always  a  source  of  danger 
to  the  men,  and  is  expensive  to  install  and  maintain.  In  some  cases,  it 
is  impossible  to  maintain  a  drift  of  sufficient  height  and  width  to  make 
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haulage  by  the  trolley  type  of  locomotive  safe.  To  put  trolley  locomo- 
tives on  an  old  level,  it  is  often  necessary  to  retimber  many  of  the  old 
drifts  before  the  trolley  box  can  be  built  at  a  safe  height.  If  25-lb.  rails 
are  already  laid,  they  must  be  bonded.  The  storage  batteries  require 
close  attention  by  an  electrician  but,  aside  from  this  and  the  cost  of 
replacing  batteries,  this  locomotive  is  as  easily  maintained  as  the 
older  type. 

The  cost  per  car  of  ore  hauled  by  a  Jeffrey  storage-battery  locomotive 
in  the  Black  Rock  mine,  Butte  &  Superior  Co.,^  is  as  follows: 

Power  per  car  hauled $0 .  0041 

Repairs  to  locomotive,  per  car 0.03205 

Motorman  and  helper,  per  car 0 .  06900 


$0.10515 
The  measurements  of  the  locomotive  are  as  follows: 

Weight  with  battery 3}4  tons 

Gage. 18  in. 

Wheel  base 36  in. 

Length 11  ft. 

Maximum  width 32  in. 

Drawbar  pull 1500  lb. 

During  the  year  1919, 

Number  of  locomotives  operating 9 

Cars  of  ore  hauled 605,372 

Cars  of  waste  hauled 132,415 

Average  haul  of  a  car  of  ore 800  ft. 

Average  haul  of  a  car  of  waste 747  ft. 

The  Anaconda  Copper  Mining  Co.  is  replacing  its  trolley  locomotives 
with  storage-battery  locomotives  of  the  following  measurements: 

Weight 3M  tons 

Gage » 18  in. 

Wheel  base 36  in. 

Length 11  ft. 

Speed 3H  nai.  per  hr. 

Drawbar  pull 1500  lb. 

Under  normal  load  motor  develops 26  hp. 

*  These  figures  are  copied  from  a  paper  presented  at  the  Convention  of 
The  National  Safety  Council:  "Storage  Battery  Locomotives  in  Metal  Mines,"  by 
E.  V.  Daveler,  General  Superintendent,  and  R.  E.  Renz,  Chief  Electrician,  of  the 
Butte  &  Superior  Mining  Company. 
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No  other  mechanical  system  of  haulage  is  in  use  in  the  Butte  district. 
Compressed-air  locomotives  were  tried  but  their  use  was  discontinued 
because  of  the  danger  and  difficulty  of  maintaining  high-pressure  air 
lines  underground. 

Stations 

The  manner  of  handling  ore  trains  on  the  stations  is  dependent  on 
whether  skips  or  cages  are  used  to  hoist  the  ore.  If  skips  are  used,  the 
skip  pockets  are  often  large  enough  to  store  from  50  to  150  tons,  although 
in  some  mines  pockets  holding  one  skipful  are  used  and  in  others,  on 
levels  producing  only  a  small  tonnage,  the  cars  are  dumped  directly  into 
the  skips.  The  cars  from  the  trains  are  handled  by  station  tenders  (men 
working  on  cages)  when  the  ore  is  hoisted  by  cage,  dumped  into  the  skip 
direct,  and  when  pockets  holding  but  one  skip  are  used.  With  large 
skip  pockets,  the  men  on  the  train  dump  cars  in  the  pockets;  or  if  the 
tonnage  is  large  enough,  a  man  is  kept  on  the  station  to  dump  the  cars. 
The  cars  are  dumped  through  holes  covered  by  a  grizzly  with  openings  not 
less  than  10  in. ;  in  some  cases  as  small  an  opening  as  4  in.  is  used  to  sort 
out^waste. 
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Storage-battery  Locomotive  as  Applied  to 
Mine  Haulage 

By  Charles  E.  Stuart,  E.  E.,  New  York,  N.  Y. 

(New  York  Meeting,  February,  1922) 

A  PAPER  on  this  subject  can  cover  but  a  limited  range.  A  thorough 
visuaHzation  of  the  subject  would  contemplate  a  comparative  analysis 
of  haulage  machines  and  batteries  of  various  types;  the  relationship  of 
the  storage-battery  locomotive  to  other  types  of  mine  haulage  should 
be  considered  and  limiting  factors  in  each  case  should  be  carefully 
developed.     This  paper  will  deal  briefly  with  these  factors. 

So  far  as  the  writer  has  been  able  to  determine,  the  first  storage- 
battery  locomotives  for  mine  haulage  were  manufactured  in  1897  or  1898 
and  were  tried  out  in  the  Pocahontas  coal  field,  but  they  were  not  sufii- 
ciently  satisfactory  to  justify  their  continued  use.  Battery  explosions 
were  frequent  and  caused  serious  damage  to  the  wiring,  electrical  equip- 
ment, and  the  clothing  and  bodies  of  the  motormen.  Sulfuric  acid  was 
used  as  the  electrolyte. 

Experiments  were  then  conducted  with  locomotives  bearing  reels 
of  flexible  cable  through  which  connection  between  the  motors  of  the 
locomotive  and  the  trolley  wire  was  maintained.  At  first,  these  reels 
were  turned  by  hand.  Later,  the  reels  were  revolved  by  contact  with 
the  wheels  of  the  locomotive,  being  raised  out  of  contact  with  the  wheels, 
by  a  lever,  when  necessary.  About  1902,  the  plan  of  operating  the  reel, 
by  chain  and  sprocket  wheels,  from  one  of  the  locomotive  axles,  as  is  still 
the  practice,  was  devised.  The  popular  floating  motor-driven  reel  had 
its  inception  in  the  Pocahontas  fields  prior  to  1906. 

The  maximum  radius  of  operation  of  the  reel-type  locomotive  is 
about  500  ft.  (150  m.)  from  point  of  connection  with  trolley  wire.  This 
is  ample  for  room  work  and  certain  entry  work,  but  the  need  for  a  machine 
that  would  operate  entirely  independently  of  the  trolley  wire  was  so 
great  that,  with  the  development  of  the  storage  battery,  renewed  efforts 
were  made  to  manufacture  a  successful  storage-battery  locomotive. 
About  1908,  the  gasoline  locomotive  was  introduced.  In  spite  of  many 
objections  to  this  type  of  machine  for  such  work,  the  fact  that  hun- 
dreds of  these  machines  were  purchased  was  proof  of  the  need  for  a 
machine  operating  independently  of  the  trolley. 


154     STORAGE-BATTEBY  LOCOMOTR'E   AS  APPLIED   TO   MINE   HAITLAGE 

About  1913,  several  large  manufacturers  sought  to  produce  a  reliable 
storage-battery  locomotive.  For  two  or  three  years,  although  a  satis- 
factory^ battery  and  thoroughly  substantial  mechanical  parts  and  motors 
were  available,  the  development  was  slow,  because  of  the  failure  of  the 
manufactm'ers  thoroughly  to  understand  mine  requirements,  including 
the  abuse  and  rough  handling  that  mine  machinery  must  undergo  and 
the  difficulty  of  obtaining  proper  attention  for  such  machinery.  The 
locomotive  was  insufficiently  motored  and  that  manufacturer  frequently 
got  -the  business  whose  conscience  or  lack  of  knowledge  permitted  the 
introduction  of  the  smallest  battery  or  the  smallest  motor  that  would 
make  a  fair  appearance  in  the  quantitative  sense. 

The  interest  of  the  mine  owner  in  haulage  is  concerned  solely  in  the 
number  of  tons  of  coal  or  ore  that  he  can  safely  haul  in  a  day  and  the 
cost  per  ton  of  this  work.  As  the  selling  price  of  coal  is  relatively  small, 
the  haulage  system  must  be  brought  to  the  maximum  efficiency.  As  late 
as  1916,  a  ton  of  coal  was  cut,  loaded,  hauled  over  a  mUe  to  the  tipple, 
prepared  as  to  size,  dumped  into  the  railroad  car,  and  sold  at  a  profit 
on  cars  at  an  average  price  of  $1  per  ton.  As  transportation  is  but  a 
small  part  of  the  cost  of  a  ton  of  coal,  the  haulage  cost  was  very  small. 

In  the  coal  mines  having  the  lowest  haulage  costs  there  will  be  found ; 
Entry  trackage  of  not  less  than  40  lb.  weight  well  supported  and  well 
maintained  on  ties;  room  rails  of  20  lb.  Cars  are  of  the  greatest  cubical 
content  permitted  by  the  height  of  the  seam  (in  low  seams)  or  (in  high 
seams)  by  ease  of  loading ;  in  weU-managed  soft-coal  mines,  where  the  shovel 
is  used,  cars  with  a  capacity  of  235  cu.  ft.  are  found.  The  track  gage 
is  not  less  than  36  in,  and  usually  is  over  40  in.  The  trips  contain  from 
25  to  50  cars  and  the  main  haulage  locomotives  are  from  10  to  30  tons. 
There  is  double  track  on  the  main  headings,  good  voltage  at  the  working 
centers,  the  gathering  locomotives  are  from  4  to.  6  tons,  and  the  workings 
are  concentrated. 

Advantages  of  the  Storage-battery  LocoMOTr\''E 

Within  the  car  limits  indicated,  with  a  concentration  of  work,  general 
grades  not  exceeding  6  per  cent.,  collecting  the  cars  from  a  number  of 
places  or  rooms  and  taking  them  to  a  siding  where  the  trip  is  made  up  for 
the  heavy  locomotives  is  the  work  for  the  storage-battery  locomotive. 
Under  these  conditions,  the  storage-battery  locomotive  containing 
motors  and  batteries  of  ample  capacity  for  the  actual  cycle  of  duty  has 
the  following  advantages: 

1.  It  is  unnecessary  to  string  trolley  wire  and  bond  tracks  away  from 
the  main  haulageways. 

2.  In  thin  coal,  it  is  unnecessary  to  brush;  that  is,  to  take  up  bottom 
in  order  to  make  height  necessary  for  mules. 
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3.  No  time  is  lost  by  making  cable  connections  with  the  trolley  on 
entering  rooms,  nor  by  cutting  the  reel  cable  and  splicing  it  where  cut. 

4.  The  chance  of  personal  contact  with  the  trolley  wire  is  absent. 

5.  In  a  gassy  mine,  away  from  the  well-ventilated  headings,  the 
absence  of  a  spark  at  the  wheel  or  the  trolley  may  be  a  vital  consideration. 
In  those  mines  where  safety  lamps  are  required,  it  is  only  a  matter  of 
time  before  the  use  of  the  trolley  and  reel  locomotive  for  gathering  will 
be  prohibited.  The  storage-battery  locomotive  can  be,  and  is  being, 
made  gas-proof  and  will  pass  the  tests  of  the  U.  S.  Bureau  of  Mines, 

6.  The  speed  and  haulage  capacity  of  the  machine,  measured  in 
pounds  drawbar  pull,  will  enable  it  to  displace  a  number  of  mules  and 
drivers  and  should  materially  lower  the  cost  of  gathering. 

7.  An  invaluable  consideration  is  the  independence  of  the  storage- 
battery  locomotive  with  respect  to  either  substation  or  power  plant 
during  idle  days.  At  such  times  a  storage-battery  locomotive  may  be 
used  for  handling  supplies  or  for  other  purposes. 


Effect  of  Storage-battery  Locomotives  on   Power  Demand  of 

Mines 

A  feature  that  has  been  given  slight  consideration  but  which  is  one 
of  the  most  valuable  characteristics  of  the  storage-battery  locomotive 
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Fig.  1. — Performance  record  taken  on  graphic  chart. 


is  its  effect  on  the  power  demand,  as  shown  by  Figs.  1  to  4.  In  Fig.  1 
is  shown  a  mine-load  curve  that  is  characteristic  of  most  soft-coal  mines, 
except  those  with  heavy  pumping  and  ventilation  requirements.  Fig. 
2  is  a  characteristic  curve  of  the  demand  of  trolley  locomotives.     The 
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starting  amperage  of  a  heavy  locomotive  may  exceed  the  heaviest 
amperage  pulled  in  hauling.  Fig.  3  shows  that  the  relationship  of 
kilowatts  consumed  to  possible  output  at  normal  rating,  in  the  case 
illustrated,  is  19.35  per  cent.     It  will  be  seen  that  the  capacity  of  a 
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Fig.  2.  — Chabacteristic  curve  of  demand  of  trolley  locomotives. 
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substation  or  power  plant  must  be  related  to  demands  of  short  duration, 
which  are  invariably  trolley  or  reel-type  locomotive  demands.  By 
contrast,  the  demand  while  charging  a  6-ton  locomotive  containing  the 
heaviest  permissible  battery  will  not  exceed  approximately  15  kilowatts. 
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Fig.  3. — Ratio  of  average  consumption  to  full-load  capacity. 

Storage-battery  locomotives  may  be  charged  outside  of  the  day  shift, 
when  the  demand  on  the  plant  or  substation  is  light.  As  a  result,  the 
demand  of  this  locomotive  need  not  conflict  with  the  demand  of  the 
trolley-type  locomotive  or  with  other  demands  where  the  plant  is  well 
loaded  or  where  the  power  contract  penalizes  demand. 
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A  large  portion  of  all  power  required  for  coal  and  metal  mines  is  being 
pm-chased  and  converted  from  alternating  current  to  direct  current 
through  substations.  Figs.  3  and  4  show  the  average  efficiency  of  a  mine 
substation  during  5  months.  In  this  instance,  35  per  cent,  of  power  was 
lost  in  the  process  of  conversion;  this  figure  is  above  the  average. 
Although  this  loss  in  conversion  for  the  actual  battery  charge  may  not  be 
lowered  where  a  small  motor-generator  set  is  used  to  convert  alternating 
current  to  direct  current  for  battery  charging,  as  soon  as  a  battery  is 
charged,  the  charging  set  automatically  shuts  down;  also  the  heavy  loss 
entailed  for  operating  a  substation  for  charging  purposes  is  eliminated. 

Storage-battery  locomotives  are  especially  suited  to  new  or  small 
mines,  from  the  standpoint  of  both  investment  and  operating  costs. 
The  writer  is  now  working  on  plans  for  a  mine  in  which  alternating 


o 

~  Q04 

1 

"t^ 

J^  1 

ili«j 

,f 

CL 

^"-^f^^ 

ff^ 

1S.\ 

"^^ 

■-- 

"^- 

o 

,"' 

•"*■ 

— . 

— ' 

im 

^' 

''' 

2  m 
^ 

a 

ST 

PER 

KIL 

OWA 

1 

TT  HOUR 

a. 

+-      0 

lO 

o 

Average  lonnaqei       '       | 
Average  Kilowofr  Hour      | 

=  .47100 

Average  Cost  perKilowanHour='0.0i00( 
Averaqe  Cost  per  Ton                |=*0.0525 

0 

Ave 

rag 

eKi 
... 

OWQ 

tt  1- 

our 

per 

on 

=  i, 

ib 

20    4 


15S3: 


10  .eg; 


july  august  september  oaober  november 

Fig.   4. — Output,   consumption,   cost  per  ton  and  per  kilowatt-hour  over 

FIVE    months. 


current  will  be  used  for  all  stationary  motor  drives  and  for  mining 
machines.  For  a  short  time,  animal  haulage  will  be  the  cheapest;  but 
when  the  economic  limit  for  this  haulage  is  reached,  it  is  proposed  to 
purchase  a  charging  set  and  storage-battery  locomotives.  In  many 
cases,  with  a  small  mine,  the  storage-battery  locomotive  will  be  the  most 
economical  haulage  unit  for  the  life  of  the  mine.  With  larger  develop- 
ment, the  third  step  would  be  the  introduction  of  the  heavy  trolley  type 
of  locomotive  and  the  diversion  of  the  storage-battery  locomotive 
to  gathering. 

The  actual  overall  efficiency  of  a  storage-battery  locomotive  is  lower 
than  the  overall  efficiency  of  the  reel-type  locomotive.  However,  the 
voltage  loss  between  substations  or  power  plant  and  the  trolley  type  of 
locomotive  will  almost  invariably  discount  this  advantage.  (The 
writer  is  inclined  to  doubt  the  advantage  of  either  the  trolley-type  or  the 
storage-battery  locomotive  over  the  other  in  the  matter  of  efficiency. 
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Field  of  Different  Locomotives 

From  the  foregoing,  it  may  be  assumed  that  the  writer  favors  the 
storage-battery  locomotive  over  the  trolley  or  the  trolley  and  reel  type, 
within  weight  limitations.  As  a  matter  of  fact,  the  writer  considers  that 
each  type  has  its  own  fairly  well-defined  field.  To  define  the  limits  of  the 
fields  would  be  exceedingly  difficult;  they  must  be  defined  for  each  mine. 
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Fig.  5. — Electrical   equipment,    Mine    No.    15. 


For  instance,  to  define  the  trolley  locomotive  as  a  haulage  machine  and  the 
storage-battery  locomotive  as  a  gathering  machine,  as  the  term  gathering 
is  used,  a  classification  that  is  often  made,  is  unfair  to  both  machines. 
The  standard  trolley  type  of  locomotive  is  equipped  with  motors  of  a 
capacity  equivalent  to  10  hp.  to  the  ton  of  weight;  that  is,  the  6-ton 
locomotive  will  be  equipped  with  motors  of  60-hp.  capacity.  The  speed 
of  this  locomotive  at  rated  drawbar  pull,  will  approximate  6  mi.  per  hr. 
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A  storage-battery  locomotive  of  the  same  weight  will  be  equipped  with  a 
motor  capacity  approximating  4  hp.  (maximum)  to  the  ton  and  having  a 
speed,  at  rated  drawbar  pull,  of  3}i  mi.  per  hr. 

If,  from  other  standpoints,  a  given  condition  favors  the  storage- 
battery  locomotive  and  if  the  cycle  of  duty  is  within  the  range  of  that 
locomotive  and  its  battery  capacity,  there  is  Httle  object  in  using  a 
locomotive  with  a  greater  capacity.  However,  it  is  impossible  to  apply  a 
general  rule  and  the  writer  is  simply  calling  attention  to  salient  points. 


note:  Arrows  inalicafe 
direction  of  Pillar  Drawirii 
in  each  Section 


Fig.  6. — Proposed  panel  system,  Mine  No.  15,  Galloway  Coal  Co. 


A  plan  of  a  mine  worked  on.  the  room-and-pillar  system  is  given  in 
Fig.  5.  Mules  are  used  for  gathering  and  the  work  per  mule  per  day 
in  the  different  sections  is  given.  Were  a  locomotive  to  be  applied  to 
the  first  right  and  first  left  entries,  it  would  be  necessary  to  cover  21  mi. 
per  day  in  order  to  handle  119  tons  and  to  displace  three  mules.  The 
same  analysis  applied  to  the  entire  mine  will  show  that  the  number  of 
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mules  displaced  by  locomotives  would  be  insufficient  to  justify  an  invest- 
ment in  locomotives;  in  fact,  the  locomotives  would  be  operated  at  a  loss 
as  compared  with  mule  gathering. 

A  proposed  panel  system  applied  to  this  mine  is  shown  in  Fig.  6. 
We  have  projected  this  into  the  unworked  area,  as  a  continuation  from 
the  present  limits  of  the  room-and-pillar  system.  This  panel  system  pro- 
duces a  condition  of  maximum  concentration,  which  is  the  condition 
most  favorable  to  the  use  of  storage-battery  locomotives. 

The  Queens  Coal  and  Mining  Co.,  of  Indiana,  gives  the  following 
comparative  results  from  using  storage-battery  locomotives  with  the 
panel  system: 

"We  are  operating  No.  4  mine  on  the  panel  system  and  aim  to  keep 
the  trolley  partings  within  800  ft.  of  the  room  necks,  which  means  that 
the  battery  locomotives  have  800  ft.  of  entry  haulage  each  way  or  1600  ft. 
to  the  round  trip.  The  entries  and  rooms  are  fairly  level  throughout  the 
mine.  The  locomotives  take  all  loaded  cars  from  the  working  faces  and 
make  up  trips  of  six  to  sixteen  cars,  depending  on  the  rooms  working  in  an 
entry,  and  then  pull  the  trip  to  the  trolley  parting.  They  return  with  the 
same  number  of  empties  as  they  brought  out,  in  order  to  keep  the  turn 
even.  The  emptj'^  cars  are  left  at  the  room  necks  and  pushed  to  the  face 
by  the  loaders. 

"The  number  of  cars  handled  per  day  by  the  average  locomotive 
depends  entirely  on  the  mine  conditions,  such  as  the  number  of  rooms 
working  on  an  entr}^  and  the  number  of  men  working  in  those  rooms.  One 
day  all  of  the  loaders  may  work,  while  the  next  day  from  five  to  forty 
men  may  be  out;  this  varies  the  tonnage  and  work  done  by  the  individual 
locomotives.  When  the  first  storage-battery  locomotive  was  installed, 
a  good  motorman  and  trip  rider,  without  difficulty,  could  gather  from 
140  to  160  cars  in  8  hr.;  as  they  became  more  familiar  with  the  operation 
of  the  locomotive,  the  number  of  cars  gathered  gradually  increased  until 
as  many  as  264  cars  have  been  gathered  in  an  8-hr.  working  shift  b}'  a 
locomotive  operated  by  a  good  motorman  and  trip  rider;  gathering  200  to 
210  cars  is  a  common  occurrence. 

"The  empty  cars  weigh  approximately  1000  to  1200  lb.  and  hold  from 
2200  to  2600  lb.  net  of  coal;  all  are  of  the  plain-bearing  type.  Taking  the 
weight  of  a  loaded  car  as  3200  lb.  and  fifteen  cars  per  trip,  a  train  load 
weighs  24  net  tons,  plus  5  to  53^^  tons  for  the  locomotive.  Thus,  220  tons 
net  of  coal  are  gathered  and  hauled  to  the  parting  per  day  by  a  locomotive 
gathering  200  cars.  Unfortunatelj'',  due  to  our  small  cars  our  turnover  is 
very  large  for  the  tonnage  hoisted. 

"Taking  everything  into  consideration,  five  to  six  mules  and  as  many 
drivers  would  be  required  to  replace  one  battery  locomotive  where  it  has  a 
chance  to  work  at  least  7  hr.  a  day  continuously.  In  addition,  we  would 
be  compelled  to  brush  in  order  to  make  head  room  for  the  mules.     The 
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locomotives  are  33  in.  in  height  from  the  rail  to  the  top  of  the  locomotive 
and  weigh  5  tons. 

Taking  the  cost  of  one  locomotive,  charging  panel  and  necessary  equip- 
ment to  operate  same  as $5000 .  00 

Interest  at  6  per  cent 300 .  00 

Depreciation  on  locomotive  chassis  at  5  per  cent 195.60 

Repairs,  such  as  brake  shoes,  lamps  for  headlights,  springs,  controller 

parts,  etc.,  at  $3  a  month,  which  is  ample 36.00 

Depreciation  of  battery,  per  year 1056.00 

Labor,  1  hr.  a  day  at  94  cents  an  hour,  to  insert  charging  plugs  and  do  any 
miscellaneous  work  necessary  on  the  locomotive,  as  we  cannot  pay 

the  men  less  than  1  hr.  for  overtime 188.00 

One  motorman,  at  $8.13  a  day 1626.00 

One  trip  rider,  at  $7.50  a  day 1500.00 

Current  for  recharging  battery,  average  of  25  kw.  per  day,  and  covering 

all  line  losses  $1.50 300.00 

Total  cost  of  operating  one  battery  locomotive  for  one  year,  working  200     

days $5201 .60 

The  cost  of  gathering  with  mules  and  drivers  to  replace  one  storage- 
battery  locomotive,  using  six  mules  and  six  drivers  for  this  work  is  as  follows : 

Cost  of  six  mules,  at  $135  each $810 .  00 

Interest  at  6  per  cent 48 .  60 

Depreciation,  at  25  per  cent.,  on  mules  in  low  coal 202.50 

Keeping  six  mules  365  days  at  $1.25  each,  which  covers  the  cost  of  feed, 
harness,  shoeing,  insurance,  stable  care,  barn  boss,  medicines,  doctor, 

and  other  expenses  in  taking  the  mules  in  and  out  of  the  mines  daily.  2,737  50 

Six  drivers,  at  $7.50  a  day 9'OOOJ^ 

Total  cost  of  operating  six  mules,  200  working  days  a  year $11,988.60 

If  it  would  require  six  mules  and  six  drivers,  at  a  cost  of  $11,988.60, 
to  do  the  work  of  one  storage-battery  locomotive  and  the  total  cost  of 
operating  a  locomotive  is  $5201.60,  there  is  a  net  saving  in  favor  of  the 
locomotive  of  $6787.00;  or  more  than  sufficient  money  to  pay  for  the 
complete  cost  of  installation  of  a  locomotive.  Even  though  the  condi- 
tions are  liable  to  change  in  some  parts  of  the  mine,  where  four  mules 
could  do  the  work  of  one  locomotive,  the  locomotives  would  still  be  the 
more  economical. 

The  Bon  Ayr  Coal  Co.,  of  Indiana,  says:  "Our  cars  are  of  the  roller- 
bearing  type,  weigh  approximately  2000  to  2200  lb.  empty,  and  carry 
6000  lb.  of  coal  net.  We  have  two  6-ton  storage-battery  locomotives  in 
operation  and  two  others  ordered.  The  longest  run  that  a  locomotive  has 
to  make  in  a  given  entry  is  1700  ft.,  or  3400  ft.  to  the  round  trip,  of  which 
200  ft.  has  a  grade  of  2  per  cent,  against  the  load  and  200  ft.  has  a  grade 
of  5  per  cent,  in  favor  of  the  load.  The  balance  of  the  road  is  fairly 
level.  One-half  of  the  rooms  are  fairly  level  or  slightly  in  favor  of  the 
load;  the  other  half  have  a  grade  of  1|  to  2  per  cent,  against  the  load. 

"The  storage-battery  locomotives,  as  well  as  the  reel-gathering 
locomotives,  leave  the  bottom  of  the  shaft  with  ten  empty  cars,  which 
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they  place  at  the  necks  of  ten  rooms.  They  then  take  from  the  working 
faces  of  ten  rooms,  the  rooms  being  driven  to  a  depth  of  250  ft.,  ten  loaded 
cars,  making  up  a  ten-car  trip  which  is  hauled  to  the  shaft  bottom. 
A  25-lb.  rail  is  used  in  rooms  and  for  cross  entries. 

Taking  2400  tons  as  the  average  hoist,  with  eight  locomotives,  each 
locomotive  would  have  to  handle  100  cars  per  shift,  if  the  cars  contained 

3  tons  each.  But  as  it  is  impossible  to  make  loaders  average  3  tons  net 
per  car,  it  is  often  necessary  for  the  locomotives  to  deliver  140  cars  and 
take  out  140  loaded  cars  in  order  to  produce  the  tonnage  of  the  shift. 

"The  locomotives  are  39|  in.  to  40  in.  in  height;  the  ties  are  3  by 

4  in.  and  the  rail  3  in.  high,  which  gives  a  total  height  of  46  in.  from  the 
bottom  to  the  top  of  the  locomotive.  There  is  a  6-in.  clearance  between 
the  top  of  the  locomotive  and  the  roof  in  our  lowest  coal.  In  many 
parts  of  our  mine,  the  coal  is  much  higher  and  naturally  gives 
a  greater  clearance. 

"The  locomotives  have  gathered  16-car  trips,  but  when  working 
twenty  rooms  on  an  entry,  with  all  men  in,  the  10-car  trips  work  out 
satisfactorily,  as  that  leaves  ten  rooms  for  the  motormen  to  drop  off 
ten  empties  and  ten  rooms  from  which  to  take  out  loaded  cars.  If  there 
should  be  twenty-four  rooms  working  on  an  individual  run,  the  motorman 
would  deliver  twelve  cars  and  take  out  twelve  loaded  ones. 

"Mules  would  not  be  able  to  handle  our  work,  as  the  cars,  if  loaded 
to  capacity,  would  weigh  over  4  tons,  and  the  best  the  average  mule 
would  be  able  to  handle  would  be  one  car  at  a  time,  so  the  mine  would  be 
full  of  mules.  Also,  3400  ft.  for  a  round  trip  with  heavy  cars  would  be 
beyond  the  mule  capacity  through  a  shift. 

"The  reel-type  of  gathering  locomotives  has  given  good  service,  but 
the  storage-battery  locomotives  will  gather  more  coal  at  less  expense. 
Also,  if  the  power  is  off  temporarily  and  there  is  plenty  of  coal  shot  down 
they  can  continue  to  gather  and  haul  the  coal  until  the  supply  of  empty 
cars  has  been  exhausted.  Besides,  for  miscellaneous-hauling  on  idle  days 
or  nights,  it  is  not  necessary  to  start  up  a  generating  unit  of  any  kind 
in  order  to  operate  them. 

"At  the  end  of  a  day's  work  the  locomotives  are  charged  through  a 
rheostat  switchboard  from  a  250-volt  direct-current  circuit.  As  the 
switchboard  is  automatic,  an  attendant  is  unnecessary.  The  charge  is 
started  on  the  locomotives  and  as  each  battery  is  fully  charged  the 
charging  circuit  is  automatically  cut  off.  It  is  necessary  to  add  water 
two  or  three  times  a  week  to  each  battery  to  replace  the  evaporation; 
this  requires  about  15  min.  for  each  locomotive.  Outside  of  general 
inspection,  oiling,  etc.,  no  attention  is  required  other  than  that 
which  should  be  given  any  piece  of  mining  equipment  at  the  end  of  the 
day's  work." 

John  B.  Hicks,  assistant  superintendent  of  power  and  mining,  Con- 
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solidation  Coal  Co.,  in  a  paper  read  before  the  Kentucky  Mining  Institute, 
June  4,  1920,  said:  "The  following  figures  include  renewals,  daily  care  of 
battery,  which  includes  the  flushing,  as  well  as  all  necessary  repairs  made 
to  battery.  Over  a  period  of  three  years  3,003,361  tons  were  hauled  at  a 
cost  of  12  cents  per  ton.  These  figures  do  not  give  the  battery  credit 
for  the  recovery  of  rails  and  pillar  work  or  the  hauling  of  supplies  or 
bailing  of  water  with  these  locomotives,  but  only  the  actual  coal  ton- 
nage hauled." 

In  all  of  the  above,  only  strictly  the  storage-battery  locomotive,  as 
distinguished  from  the  combination  storage-battery  and  trolley  type 
locomotive,  has  been  considered.  The  primary  purpose  of  the  latter 
locomotive  has  been  the  conservation  of  the  battery  charge.  This 
locomotive,  when  operating  under  a  trolley  wire,  will  receive  its  power 


Fig.  7.  —  Perfobmance    of    motors,  Fig.  8. — Performance    of   loaders, 

Mine  No.  11.  Average  trip,  27.39  Mine  No.  11.  Average  trip,  66 
minutes.  minutes. 

directly  from  the  trolley  wire  and  at  the  same  time  the  storage  battery 
will  receive  a  charge. 

Table  1  was  compiled  after  a  careful  study  for  a  month  at  the  Lynch 
mines  of  the  United  States  Coal  and  Coke  Co.,  at  Lynch,  Ky. 

The  performance  of  motors  and  loaders  in  a  given  mine,  as  obtained 
by  a  careful  time  study,  is  given  in  Figs.  7  and  8.  Fig.  7  shows  the  time 
lost  by  a  locomotive  while  waiting  on  empties.  In  this  case  the  loss  is 
very  small,  being  but  16  per  cent,  of  the  total.  Fig.  8,  on  the  other 
hand,  shows  that  the  time  spent  by  loaders  waiting  for  empties  is  38 
per  cent,  of  the  total.  It  was  the  opinion  of  the  mine  operating  depart- 
ment that  additional  locomotive  equipment  was  necessary,  but  these 
charts  clearly  indicate  that  the  curtailment  of  production  was  caused 
by  an  insufficient  number  of  mine  cars.  The  purchase  of  additional 
locomotives,  instead  of  being  helpful,  would  have  been  hurtful  in  this 
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Summary 

Tons  hauled  in  month 4098. 4 

Total  cost  per  month $597.  55 

Average  cost  per  ton $0. 145 

Mules  replaced 8 

Mule  drivers  and  crab  men  replaced 8 

Cost  of  operating  per  mile $0. 135 


Remarks 

Previous  equipment  used  in  same  section,  8  mules,  8  men,  and  2  crab  units. 

Feed  @  $20.00  per  month  each 

Depreciation  at  25  per  cent,  at  an  average  cost  of  $175 

Interest  on  investment  @  6  per  cent 


$160.00 

29.16 

7.00 
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Locomotive 

Co.'s  Mine,  Lynch,  Ky. 


Locomotive  No.  908  Type   "D.T. 
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Remarks. — Continued 

Shoeing,  stabling,   and  harness $      16-  00 

Drivers  and  crab  men  at  actual  time  locomotive  worked 1,624. 00 

Monthly  costs $1.836. 16 

Locomotive  monthly  costs ^97-  o^ 

Saving  monthly $1,238.  61 

Saving  yearly $14,863.  32 


Comparative  Results 

Per  ton  cost  hauled  by  mules *0-  448 

Per  ton  cost  hauled  by  locomotive 0. 145 

Per  ton  saving 0. 303 
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case,  both  from  an  operating  point  of  view  and  from  the  standpoint 
of  cost. 

This  fact  is  fm-ther  shown  by  Fig.  9,  which  is  the  summary  of  a  series 
of  analyses  made  at  several  mines.  The  performance  shown  is  more 
characteristic  of  delays  encountered  or  permitted  than  is  indicated  in 
Figs.  7  and  8.  To  sum  up,  a  locomotive  should  not  be  blamed  for  those 
conditions  that  prevent  the  locomotive  from  working  to  the  capacity 
for  which  it  is  built.  Many  locomotives  are  blamed  for  delays  of  one 
kind  and  another  that  reduce  the  tonnage  handled  by  it,  but  this  is  more 
true  of  the  storage-battery  locomotive  than  of  any  other  type. 


y-'JOO%  Efficiency  under  conelihons  j-hoi-  might  have  prevaileol 


The  above  in  ih  rehHonship  is  pracfically  charcfchris-hic  of  mine  haulaq^ 

in  general. 
$imi/(tr  tests  several  weeks  later  after  po^/er  and  other  conditions  had 
been  improved,  indicated,  a  100%  increase  in  productive  effort  and 
proportional  decrease  in  ec^uipment  neeaed  for  ivork produced, poiver. 

consumption  and  other  incidental  costs. 
This  chart  represents   one  step  in  c>  test  carried  from  boiler  to 

face    of  coal 
A'  Possible  work  under  prevailing  conditions. 
B  -  Possible  work  under  conditions  which  piiqhf-  have  prevailed 

Fig.  9. — Graphic  analysis  of  daily  performance  of  locomotives. 


One  important  manufacturer  has  developed  a  combination  locomotive. 
It  is  equipped  with  two  motors,  one  driven  by  the  storage-battery  charge 
and  the  second  by  a  current  from,  the  trolley  wire.  This  second 
motor  is  built  up  to  35  hp.  for  the  6-ton  machine  and  the  locomotive  is 
designed,  when  driven  by  this  motor,  to  produce  its  rated  drawbar  pull 
at  6  mi.  per  hr.  The  successful  application  of  this  principle  will  represent 
a  valuable  step  forward  in  the  development  of  locomotives  for  mine 
haulage.  There  are  many  conditions  in  which,  in  addition  to  the  actual 
work  of  gathering,  the  locomotive  should  be  capable  of  strictly  haulage 
duty,  in  the  sense  of  speed  and  sustained  drawbar  pull. 

On  account  of  space  limitation,  the  motor  receiving  the  full  voltage 
from  the  wire  has  a  lower  rating  than  the  present  haulage  locomotive, 
though  equal  to  that  applied  to  the  haulage  locomotive  of  a  few  years  ago. 
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At  the  same  time,  when  this  locomotive  is  being  driven  by  the  storage 
battery,  for  gathering,  the  motor  receiving  primary  voltage  will  have  an 
opportunity  to  cool.  However,  in  any  event,  its  application  should 
be  determined  by  a  study  of  conditions. 

As  was  stated  in  the  beginning,  the  writer  has  not  touched  upon  the 
mechanical  construction,  motors,  or  battery  equipment.  There  are  on  the 
market  several  locomotive  designs  and  several  types  of  batteries.  To 
some  extent,  the  difference  with  respect  to  battery  is  of  a  character  to 
make  selection  of  battery  rest  largely  on  the  investment  that  a  purchaser 
is  prepared  to  make  in  the  first  instance;  this  is  a  subject  that  should  be 
treated  in  a  special  paper. 

Conclusions 

To  sum  up,  the  storage-battery  locomotive  is  proving  a  complete 
success  and  a  means  for  reducing  costs  as  well  as  risk  of  accident,  where 
properly  applied.  Its  failure  at  any  mine  will  be  accounted  for  by  one  of 
the  following: 

1.  A  duty  cycle  in  excess  of  battery  capacity;  this  has  been  the  most 
frequent  cause  for  failure. 

2.  Misapplication  is  a  common  error;  that  is,  the  effort  to  use  the 
storage-battery  locomotive  where  mule  power  is  cheaper  or  where  man 
power  in  conjunction  with  the  strictly  haulage  type  of  locomotive  would 
be  cheaper. 

3.  Failure  to  select  a  locomotive  that  will  stand  the  abuse  of 
mine  practice. 

4.  Failure  to  provide  a  reasonable  amount  of  care  and  attention. 

DISCUSSION 

Howard  N.  Eavenson,  Pittsburgh,  Pa. — The  conditions  under  which 
the  storage-battery  locomotives  operated  at  Lynch  were  exceptionally 
favorable  to  the  locomotive  and  exceptionally  unfavorable  to  the  mule. 
The  top  was  low  and  the  grades  heavy,  so  that  mules  could  not  be 
used  economically. 

I  am  not  opposed  to  the  storage-battery  or  any  other  type  of  loco- 
motive, where  it  can  be  used,  but  the  United  States  Coal  and  Coke  Co. 
has  found  that  for  grades  up  to  8  or  9  per  cent,  and  workings  over  5  ft. 
in  height,  where  the  cars  must  be  delivered  one  at  a  time  at  the  face  or 
taken  from  there  one  at  a  time,  that  no  type  of  mechanical  haulage 
can  compete  with  the  mule.  The  average  cost  is  considerably  under 
half  of  the  savings  made  in  this  particular  instance.  That  condition,  of 
course,  may  not  hold  everywhere,  but  it  does  in  the  mines  of  this  company 
in  Lynch  and  in  the  Pocahontas  field. 

Charles  E.  Stuart. — Of  course  in  the  case  of  the  high  coal,  the  con- 
ditions are  less  favorable  to  the  storage-battery  or  the  reel-type  of 
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locomotive.  Can  Mr.  Eavenson  tell  us  what  a  mule  can  do  under  a 
thoroughly  concentrated  mining  system,  also  what  the  storage-battery 
locomotive  and  what  the  gathering  type  of  trolley  locomotive  will  do, 
because  there  is  the  point  on  which  the  question  hinges.  The  mule  is 
cheaper  in  first  cost  and  is  not  difficult  to  maintain;  so  it  is  really  a 
question  of  how  many  mules  can  be  displaced  by  the  use  of  the  locomotive 
under  the  most  concentrated  system  of  mining. 

Howard  N.  Eavenson. — Under  the  best  conditions,  we  have  had 
mules  that  would  gather  (that  is,  one  driver  with  two  mules  ordinarily) 
75  to  100  cars  a  day;  but  the  average  was  from  30  to  35  cars.  Of  course, 
this  is  taking  the  cars  from  the  face  of  the  working  place  one  at  a  time 
and  putting  back  the  empties.  We  have  never  had  any  type  of  gathering 
motor  that  would  do  more  than  twice  that  much.  Inquiries  at  a  number 
of  mines  where  gathering  locomotives  were  used  showed  that  from  75  to 
150  cars  per  day  were  placed,  but  either  more  than  one  car  was  put  at  the 
face  at  a  time  or  else  the  men  took  the  cars  from  the  face  and  put  them 
at  the  room  deck. 

I  do  not  know  of  a  case  where,  putting  the  cars  in  one  at  a  time  could 
be  done  cheaper  by  mechanical  means  than  by  mule,  for  the  mule  can  go 
through  a  breakthrough  and  must  travel  only  one-half  the  distance  that 
any  kind  of  a  mechanical  apparatus  has  to  go.  In  some  cases  where 
double-track  rooms  are  used,  the  mule  puts  an  empty  on  one  track,  goes 
across  20  or  30  ft.  and  takes  down  a  load.  As  a  general  proposition, 
under  our  conditions,  the  output  of  any  kind  of  a  gathering  motor  was 
about  double  that  of  a  driver  with  two  mules. 

William  Kelly,  Vulcan,  Mich. — In  the  iron  ore  mines,  one  mule 
hauls  four  3-ton  cars,  making  a  load  of  12  tons  of  ore;  in  some  cases  a 
mule  has  hauled  six  cars,  but  the  regular  practice  is  to  take  four  cars. 

Arthur  Thacher,  St.  Louis,  Mo. — On  what  grades  can  the  storage- 
battery  locomotive  be  used? 

W.  H.  Patton,  Philadelphia,  Pa. — In  one  case  they  were  used  on  a 
grade  of  173^^  per  cent.;  we  sanded  the  tracks,  backed  down  into  the  room, 
and  pulled  out  two  cars  weighing  9600  lb.  each,  with  a  6-ton  locomotive, 
without  the  wheels  spinning. 

Charles  E.  Stuart. — In  the  case  of  the  two  Indiana  companies 
mentioned  in  the  paper,  the  locomotives  were  used  in  high  coal,  compara- 
tively speaking.  Does  Mr.  Eavenson  criticize  the  operating  figures  given, 
which  show  a  distinct  saving  in  favor  of  the  storage-battery  locomotive? 

Howard  N.  Eavenson. — I  have  not  had  the  time  to  analyze  the 
figures  and  it  was  not  my  intention  to  criticize  the  storage-battery  loco- 
motive.    I  simply  gave  the  experience  at  the  mines  with  which  I  have 
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been  connected,  which  has  also  been  the  experience  of  the  largest  opera- 
ting company  in  the  Connellsville  region.  I  do  not  know  the  conditions 
in  Indiana,  but  I  question  if  only  one  car  is  put  at  the  face  at  one  time; 
we  have  never  been  able  to  do  it.  I  wish  we  might  have,  because  our 
policy  has  always  been  to  use  mechanical  arrangements  if  possible. 

Charles  E.  Stuart. — I  do  not  hold  any  brief  for  the  storage-battery 
locomotive;  is  it  not  possible  that  those  mines  to  which  Mr.  Eavenson  has 
referred  presented  the  conditions  indicated  in  Figs.  5  and  6?  In  other 
words,  here  is  a  case  where  a  locomotive  would  have  to  cover  about  75 
cars;  no  type  of  locomotive  would  be  applicable  under  that  condition. 
The  point  that  I  have  tried  to  bring  out  is  that  the  economical  use  of  a 
locomotive  is  entirely  a  question  of  a  given  condition. 

The  Queens  Coal  and  Mining  Co.,  under  the  conditions  shown,  claims 
to  gather  200  to  210  cars  in  a  day  and  to  have  displaced  six  mules  and 
six  drivers.  The  Bon  Ayr  Coal  Co.  has  displaced  not  only  mules  but  also 
the  reel-type  locomotive,  and  claims  to  have  gotten  results  that,  in  dollars 
and  cents,  are  favorable  to  the  storage-battery  locomotive.  However,  the 
whole  question  is  what  the  machine  will  do  and  what  the  mules  will  do 
under  a  given  condition. 

Graham  Bright,  East  Pittsburgh,  Pa. — The  author  has  given  a  new 
viewpoint  on  the  application  of  storage-battery  locomotives  in  mines,  and 
while  he  has  made  some  recommendations  in  regard  to  scheduling  more 
closely  the  locomotive  operation  in  a  mine,  I  do  not  believe  that  he  thinks 
that  this  could  be  accomphshed  as  well  as  in  an  industrial  plant.  The 
constantly  changing  conditions  and  the  difficulty  of  supervision  in  coal 
mines,  make  it  difficult  to  schedule  operations  closely,  but  much  can  be 
done  toward  improving  these  conditions. 

I  do  not  agree  with  the  statement  that  the  small  operation  is  a  good 
place  for  a  storage-battery  locomotive.  Some  of  the  larger  operators 
have  found  that  storage-battery  locomotives  give  good  service  if  there  are 
sufficient  of  them  to  be  cared  for  by  an  expert;  but  as  it  does  not  pay  to 
keep  a  high-grade  man  to  care  for  only  one  or  two,  in  many  cases  they 
are  not  satisfactory.  Therefore,  unless  the  mine  is  big  enough  to  require 
enough  locomotives  to  keep  an  expert  it  should  use  the  gathering  trolley- 
type  locomotive. 

The  author  says  that  in  some  of  the  earlier  locomotives  the  motors 
were  of  insufficient  capacity;  my  experience  has  been  that,  in  the  earlier 
locomotives,  the  battery  was  discharged  before  the  motor  had  a  chance 
to  heat  up.  The  battery  capacity  has  been  the  real  limiting  feature. 
If  you  were  to  instal  on  present  locomotives  motors  that  were  applied 
seven  or  eight  years  ago  with  some  of  the  large  batteries  that  are  being 
used  at  present,  the  motors  might  start  to  give  trouble. 
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The  paper  mentions  a  combination  type  of  locomotive  in  which  one 
motor  is  used  on  the  trolley  and  another  on  the  battery.  I  question 
the  advisability  of  this  scheme,  for  one-half  of  the  motor  equipment  is 
idle  most  of  the  time.  When  the  locomotive  is  on  the  trolley,  it  is 
necessary  to  accelerate  the  battery  armature  and  retard  it  every  time  a 
start  is  made  and  vice  versa.  A  better  scheme  would  be  to  use  the  two 
motors  all  the  time,  using  them  in  parallel  on  the  battery  and  in  series  on 
the  trolley.  In  the  long  run  a  scheme  of  that  kind  wiU  prove  more 
economical  than  one  which  puts  the  entire  capacity  in  each  motor  and 
uses  them  alternately. 
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Safety  Practice  for  Hoisting  Ropes 

By  R,  M.  Raymond,*  New  York,  N.  Y. 

(New  York  Meeting,  February,  1922) 

The  Mining  Section  of  The  National  Safety  Council  recently  sent  out 
a  questionnaire  to  operators,  regarding  the  class  of  rope  used,  speciifica- 
tions  required  or  obtained,  factors  of  safety  observed,  methods  of  fasten- 
ing ropes,  lubrication,  inspection,  and  points  observed  when  rope  is  to 
be  discarded.  The  answers  received  frora  this  questionnaire,  largely 
from  metal  mines,  give  interesting  information,  from  which  recommenda- 
tions for  safety  practice  on  hoisting  ropes  are  drawn. 

Depth  op  Mine 

The  depth  in  the  majority  of  cases  noted  is  from  1000  ft.  to  1500  ft. 
(304  to  457  m.)  and  records  come  from  a  number  hoisting  from  depths  of 
2000  to  3000  ft.  Hoisting  is  generally  done  in  balance,  with  a  few 
companies  using  counterweights. 

Seldom,  more  than  two  shifts  are  occupied  in  hoisting.  A  number  of 
large  operators  limit  the  shift  for  engineers  to  6  hr.  A  few  of  the  larger 
operators  have  separate  hoists  for  men  and  supplies,  with  a  higher  class 
rope  for  men.  The  range  of  loads  varies  from  7  to  17  tons  and  greater  in 
a  few  cases,  with  a  balanced  weight  of  4  to  7  tons. 

Size  of  Drums  and  Sheaves 

The  size  of  drums  and  size  of  sheaves  are  generally  in  accordance  with 
recommendations  of  rope  manufacturers.  Only  one-half  of  the  operators 
use  grooved  drums;  one,  The  Sulphide  Corpn.,  New  South  Wales,  uses 
wood-lagged  drums.  Very  few  operators  have  drums  capable  of  holding 
all  the  rope  in  a  single  wrap.  Cone  drums  or  cone  and  cylinder  drums, 
in  the  mines  heard  from,  are  very  rare. 

A  few  mines  of  shallow  depth  use  a  small  drum  and  large-sized  sheave. 
While  this  may  be  allowed,  and  in  some  cases  is  all  right,  the  size  of  drum 
and  sheave  should  be  fully  equal  to  that  recommended  by  the  rope  manu- 
facturers and  should  be  at  least  60  to  100  times  the  diameter  of  the 
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rope  used,  or  one  thousand  times  the  diameter  of  the  largest  wire  in  any 
of  the  strands. 

Operations  show  two  wraps  wherever  possible,  and  not  more  than 
three  wraps  on  the  drum;  the  choice  of  several  would  be  not  more  than 
one  wrap  if  possible,  and  not  more  than  two  as  good  practice.  A  few 
operators,  though  too  few,  give  importance  to  the  distance  at  which  the 
engine  is  set  from  the  shaft  and  the  fleet  angle  between  sheave  and  drum. 
This,  in  most  cases,  can  readily  be  arranged  to  reduce  the  fleet  angle  to 
1°  30',  and  provide  at  the  same  time  a  drum  that  will  hold  all  the  rope 
in  one  wrap  or  in  not  over  two  wraps.  Hans  Behr  recommends,  in 
specifications  for  hoisting  engines,  that  the  last  groove  shall  rise  gradu- 
ally above  the  other  grooves  in  order  to  start  the  second  layer  without 
shock.  If,  beside,  grooved  drums  are  used,  these  points  will  reduce  the 
abrasion  on  the  rope  to  a  minimum. 

The  matter  of  overwind  and  underwind  of  ropes  receives  perhaps  too 
little  attention.  The  experience  of  operators  in  South  Africa,  according 
to  Vaughan,  of  the  Mines  Department,  indicates  that  the  rope  which 
under  winds  wears  more  rapidly  than  the  overwind  rope  by  20  per  cent., 
and  that  the  average  life  of  rope  is  prolonged  by  alternating  the  ropes  on 
the  drums. 

In  a  majority  of  cases,  sheaves  are  cast  iron,  turned  out  true,  }{q  or 
^  in.  larger  than  the  size  of  rope  used.  Others  use  special  lining  of 
cast  iron,  which  is  removable;  the  best  type  of  this  is  the  Nordberg 
sheave.  Several  companies  use  hardwood  blocks,  preferably  maple.  A 
few  use  hemp  packing  at  first  or  to  fill  the  groove  when  the  sheave  be- 
comes worn. 

More  attention  should  be  given  to  the  material  and  weight  of 
sheaves.  These  should  be  made  as  light  as  possible,  the  bicycle  type 
preferred ;  of  larger  diameter  generally  than  recommended  by  rope  manu- 
facturers; set  very  firm  in  bearings,  well  babbitted;  aligned  carefully 
with  center  of  drum,  observing  the  lead  or  fleet  angle  mentioned  pre- 
viously. Wooden  linings  have  generally  proved  satisfactory  where 
used,  though  such  linings  add  greatly  to  the  weight  and  require  much 
care  in  renewal.  The  best  wood  lining  is  maple  soaked  in  linseed  oil. 
Cast-iron  sheaves  or  cast-iron  liners  prove  most  satisfactory.  Grooves 
must  be  kept  true  and  machined  to  the  same  diameter  of  drums  and 
to  the  proper  width  of  groove  when  new  rope  is  put  on.  Top  of  head 
frames  and  sheaves  should  be  made  more  easily  accessible  for  fre- 
quent inspection. 

Size  of  Rope 

Ropes  vary  in  size  from  1  to  13^-^  in.;  generally  they  are  6  X  19  with  a 
hemp  center.  Most  operators  use  the  higher  class  rope,  plow  steel  or 
special  brands,  improved;  a  few  use  a  flattened  strand,  6  X  25.     Many 
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prefer  the  Lang  lay,  which  is  the  favorite  with  the  larger  operators 
hoisting  from  the  greater  depths.  Lang-lay  ropes  are  used  in  nine  cases 
out  of  ten  in  South  Africa;  they  are  generally  used  in  Australia,  and  their 
use  is  becoming  more  general  in  this  country.  The  Sulphide  Corpn. 
finds  that  with  6X7  Lang-lay  rope,  improved  plow-steel  wires,  both 
longer  service  and  more  satisfactory  inspection  for  wear  and  corrosion 
can  be  obtained.  The  experience  of  the  New  Jersey  Zinc  Co.  is  much 
the  same;  particularly  in  its  incline  shaft,  it  finds  plow-steel  wire  gives 
the  best  service.  Care  is  required,  in  using  the  Lang-lay  rope,  in  the 
early  operations,  to  see  that  no  bird-caging  or  kinks  develop.  When 
chairs  are  used,  no  more  rope  should  be  unwound  from  the  drum  than  is 
required  to  reach  the  chairs.  A  solid  attachment  for  Lang  lay  should 
always  be  made,  not  a  swivel  attachment.  Possible  twists  should  be 
taken  out,  with  much  care,  once  or  twice  when  new  rope  is  put  into  service. 

Rope  Specific atjons 

Few  companies  stipulate  specifications  for  rope;  reliance  is  placed  on 
the  tensile  strength  given  by  the  manufacturers.  Preference  is  shown 
for  plow  steel  by  the  larger  operators,  with  the  understanding  that  the 
tensile  strength  of  the  wires  is,  or  approaches,  200,000  lb.  per  sq.  in. 
The  International  Nickel  Co.  gives  a  full  description  of  working  conditions 
and  asks  manufacturers  to  recommend  a  rope,  with  complete  description. 
It  requires  a  factor  of  safety  of  seven  for  hoisting  ore  and  a  factor  of 
ten  for  the  man  hoist.  The  United  Verde  mine  stipulates  low-phos- 
phorus steel,  high  carbon  and  manganese,  with  a  tensile  strength  of  the 
wires  of  200,000  lb.  per  sq.  in.  The  Copper  Range  Co,  stipulates  l3^-in. 
plow  steel,  6  X  19,  regular  lay;  58  tons  tensile  strength,  and  on  test  has 
found  the  rope  to  have  a  strength  of  75  tons.  The  Broken  Hill  mine  uses 
13^-in.  6  X  19,  Lang  lay,  and  specifies  a  breaking  stress  of  the  rope  of 
60  tons  and  best  flexible  plow  steel  or  its  equivalent.  The  Anaconda 
company  does  not  specify  particularly,  but  uses  improved  plow-steel 
in  all  cases. 

While  the  manufacturers'  recommendations  seem  to  be  generally 
satisfactory,  it  is  most  important  that  purchasers  give  clearly  their 
working  conditions,  nature  of  shaft  lining,  attention  given  to  timbers  and 
guides,  the  factor  of  safety  desired,  whether  mine  water  is  acid  or  not, 
and  whether  harmful  gases  are  encountered  in  the  lower  part  or  any 
portion  of  the  mine. 

A  more  satisfactory  statement  from  the  manufacturers  would  be  the 
tensile  strength  of  steel  from  which  the  wire  is  drawn,  as  well  as  the 
breaking  strength  of  the  rope;  the  aggregate  strength  of  all  the  wires  is 
10  to  20  per  cent,  less  than  that  of  the  wire  bar.  When  new  rope  is 
purchased,   a  certificate  should  be  required  from  the  manufacturer, 
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the  rope  should  be  stored  under  cover,  iu  a  cool  place,  properly  coiled 
and  not  left  on  the  ground. 

The  Canadian  mining  law  requires  a  certificate  from  the  manufacturer 
showing  date  of  manufacture,  size,  weight,  number  and  size  of  wires, 
class  of  core,  breaking  stress  of  steel  from  which  wire  is  made,  and  esti- 
mated breaking  load  of  rope.  This  certificate  is  recorded  in  the  "Rope 
Record  Book"  and  additional  data  kept  of  operation  of  rope  when  in 
use  at  the  mine. 

Factor  of  Safety  of  Ropes 

The  factor  of  safety  stipulated  or  estimated  varies  considerably; 
generally  that  estimated  by  the  manufacturers  in  supplj'ing  rope  is  con- 
sidered satisfactory;  this  is  five  to  six  for  new  rope.  Factors  of  safety 
for  worn  rope  vary  from  three  and  one-half  to  five,  and  these  variations 
for  discarding  rope  correspond  somewhat  with  speed  and  depth. 

None  of  the  state  laws  in  this  country  indicate  anj'^  factor  of  safety. 
The  Canadian  mining  law  stipulates  a  factor  of  safety  of  six  in  shafts 
less  than  2000  ft.,  deep;  and  in  shafts  2000  to  3000  ft.,  not  less  than 
five.  The  International  Nickel  Co.  uses  a  factor  of  seven  and  specifies 
such  a  rope  for  its  conditions.  The  commission  appointed  in  South 
Africa  to  inquire  into  the  use  of  hoisting  ropes  considered  this  matter 
carefully  and  recommended  a  minimum  factor  of  safety  of  six,  but  believes 
that  for  deep  levels  it  is  impossible  to  start  with  a  factor  of  safety  of  more 
than  seven.  Such  a  rope,  when  reduced  to  a  factor  of  safety  of  six,  may 
be  used  for  six  months  longer  but  no  more,  and  even  then  will  have  an 
enormous  reserve  of  strength.  It  was  proved  also  that  shocks  due  to 
changes  in  velocity  were  dangerous  only  to  short  lengths ;  in  lengths  of 
1500  ft.  and  over  shocks  would  remain  constant.  The  New  South 
Wales  mining  law  requires  that  a  rope  be  tested  before  use  and  that 
it  have  a  factor  of  safety  of  eight  for  ore  and  of  ten  for  men.  The 
Sulphide  Corpn.  uses  a  factor  of  safety  of  nine  for  new  rope  on  ore  and 
of  ten  for  rope  on  man  hoists.  The  regulations  of  the  new  mining  law 
proposed  for  this  country  are  as  follows : 

The  factor  of  safety  of  ropes  when  newly  installed  in  shafts  less  than  3000  ft.  deep 
shall  in  no  case  be  less  than  six. 

It  shall  be  unla^\•ful  to  use  any  rope  or  cable  for  the  raising  or  lowering  of  men  when 
its  factor  of  safety,  based  on  its  existing  strength  and  dead  load,  shall  have  fallen 
below  4.5. 

It  shall  be  unlawful  to  use  any  rope  or  cable  of  the  so-called  6X19  standard  con- 
struction for  the  raising  or  lowering  of  men,  either  when  the  number  of  broken  mres 
in  one  lay  of  said  rope  exceeds  six,  or  when  the  wires  on  the  crown  of  the  strands  are 
worn  down  to  less  than  65  per  cent,  of  their  original  diameter,  or  when  the  superficial 
inspection  provided  for  in  this  section  shows  marked  signs  of  corrosion;  provided 
however,  that  when  such  broken  wires  are  reduced  by  wear  more  than  30  per  cent,  in 
cross-section,  the  number  of  breaks  in  any  lay  of  the  rope  shall  not  oxcood  tliroc. 
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The  committee  framing  the  law  discussed  the  matter  of  safety  witli 
manufacturers  and  a  variable  safety  factor  was  recommended,  dependent 
on  the  depth  of  shafts.     This  is  given  in  Table  1. 

Table  1. — Factors  of  Safety  Recommended  for  Hoisting  Ropes 


Length  of  Rope,  in  Feet 


Minimum  Safety 

Factor  for  New 

Rope 


Minimum  Safety 

Factor  when 

Rope  must  be 

Discarded 


Percentage 
Reduction 


500  or  less '  8 

500  to  1000 7 

1000  to  2000 6 

2000  to  3000 5 

3000  and  over i  4 

I 


6.4 
5.8 
6.0 
4.3 
3.6 


20.0 
17.0 
16.5 
14.0 
10.0 


It  would  seem  that  the  variable  factor  of  safety  suggested  for  the  new 
mining  law  is  a  good  recommendation,  but  a  maximum  factor  of  safety  of 
not  less  than  six,  and  a  minimum  of  not  less  than  four  and  one-half  would 
be  better  for  depths  below  2000  ft.  Where  man  hoists  and  ore  hoists  are 
in  use  in  the  same  shaft  and  the  same  size  of  rope  used,  it  would  be  well 
to  change  the  ropes  from  the  man  hoists  to  the  ore  hoists  after  a  period  of 
six  months  or  a  year. 

Hoisting  Speed 

Speed  in  the  shallow  shafts  submitted  is  from  600  to  1000  ft.  per  min. 
for  ore,  and  in  deeper  shafts  1600  to  3000  ft.  per  min.  Speed  for  hoisting 
men  in  almost  all  cases  is  reduced  to  400  to  600  ft.,  though  in  a  few  cases 
it  runs  as  high  as  1000  ft.  per  min.  Acceleration  varies  considerably, 
depending  on  depth.  Table  2  shows  acceleration  practiced  by  several  of 
the  important  operators. 

Table  2. — Acceleration  in  Various  Mines 


Shaft 


Average 

Length 

of  Haul, 

Feet 


Maximum    Accelera- 

Eoisting  tion. 

Speed,         Ft.  per 

Ft.  per     I  Sec.  per 

Min.  Sec. 


To  Reach 
Max. 
Speed, 
Feet 


Time 
to  Reach 

Max. 

Speed, 
Seconds 


N.  J.  Zinc  Co.,  Franklin,  N.  J 

Inter.  Nickel  Co.,  Creighton,  Ont 

Witherbee-Sherman,  Mineville,  N.  Y.. 

Copper  Range  Co.,  Painesdale,  Mich. . . 

Republic  Iron  and  Steel  Co.,  Birming- 
ham, Ala 

Sulphide  Corpn.,  N,  S.  W.,  Australia. . . 

Calumet  and  Arizona,  Warren,  Ariz . . . . 

United  Verde  Copper  Co.,  Clarkdale, 
Ariz 

North  Butte  Co.,  Butte,   Mont 

Great  Boulder  Prop.,  Boulder,  W.  A. . , 

Old  Ben  Coal  Corpn.,  Frankfort,  111 


Inclined 
Inclined 
Inclined 
Inclined 

Inclined 
Vertical 
Vertical 

Vertical 
Vertical 
Vertical 
Vertical 


915 

3000 

3.33 

375 

1600 

1100 

2.33 

260 

1000 

1200 

1.33 

150 

1500 

2360 

2.48 

130 

5400 

2200 

1.47 

459 

825 

3650 

5.06 

300 

1500 

1600 

5.33 

70 

850 

2000 

4.7 

115 

3600 

2700 

2.53 

400 

2000 

2000 

5.85 

95 

475 

3600 

12.00 

150 

15 
15 
15 
10 

25 

15 

5 

10 
17 
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Compared  with  the  draft  of  the  new  mining  law,  the  speeds  for  hoist- 
ing and  accelerating  practiced  by  the  different  companies  do  not  show 
any  excess  over  the  speeds  recommended.  In  fact,  the  acceleration  speeds 
practiced  are  considerably  lower  than  the  maximum  allowed  acceleration 
of  the  proposed  law.  An  accelerating  speed  of  3  to  4  ft.  per  sec.  for 
depths  of  2000  ft.  is  preferable  to  the  maximum  acceleration  suggested. 
Speed  for  hoisting  men  varies  considerably  and  practice  varies  in  different 
countries.  Speed  on  such  occasions  should  not  be  over  500  to  600  ft. 
per  min.  For  great  depths,  higher  speed  may  be  permitted,  with  the 
period  of  acceleration  and  of  retardation  extended.  The  Mines  Inspec- 
tion Act  of  New  South  Wales  requires  a  cage  speed  no  greater  than  300 
ft.  per  min.  within  50  ft.  of  the  surface  or  bottom,  when  hoisting  men. 
Great  care  should  be  taken  in  starting  and  stopping,  especially  with  new 
rope.  It  is  most  important  that  no  slack  be  permitted  when  the  hoist 
is  resting  on  chairs;  with  a  foot  of  slack  in  the  rope's  length,  a  jerk  may 
cause  a  stress  of  four  times  the  weight  lifted. 

Inspection  of  Ropes 

Method  and  frequency  of  inspection  of  ropes  vary  from  daily  inspect- 
ion of  terminals,  including  wraps  remaining  on  drums  to  weekly  inspection. 
Fully  70  per  cent,  of  the  operators  make  inspection  daily,  and  one 
makes  inspection  three  times  a  day  when  hoisting  men.  Daily  inspection 
is  in  some  cases  left  to  hoistmen,  who  in  a  few  cases  are  depended  on  to 
watch  and  report  broken  wires.  Daily  inspection,  generally,  is  made  by 
the  mine  foreman,  and  minute  inspection  made  weekly,  twice  per  month 
or  monthly,  by  the  foreman  and  assistant  to  master  mechanic,  or  other 
competent  persons.  In  a  few  cases  the  entire  length  of  rope  is  inspected 
carefully  once  a  week,  running  the  rope  through  the  inspector's  hands. 
One  company  inspects  new  ropes  every  two  weeks  with  a  magnifying 
glass.  When  rope  shows  signs  of  wear,  inspections  are  made  more 
frequently.  Terminals  are  cut  off  every  two  or  three  months,  in  lengths 
of  3  to  10  ft. 

Generally  speaking,  rope  inspection  is  quite  thorough;  and  from  the 
experience  of  the  greater  number  of  the  operators  giving  replies,  a  stand- 
ard conclusion  may  be  made  as  follows : 

Daily  inspection  of  terminals  should  be  made,  including  wraps  remain- 
ing on  the  drum  when  the  cage  or  skip  is  down;  daily  inspection  of  both 
the  terminals  above  cage  or  skip,  and  of  the  rope  at  point  of  contact  with 
sheaves.  On  new  ropes  the  latter  spot  is  important;  and  while  it  varies 
slightly  due  to  the  stretch,  a  short  cut  every  month  for  the  first  three 
months  is  a  point  worth  considering  Thorough  inspection  of  the  whole 
length  of  rope  should  be  made  every  week,  and  twice  a  week  when  the 
rope  is  new.  Once  a  month  portions  of  the  rope  should  be  carefully 
inspected  in  sections  that  are  likely  to  show  wear  and  the  rope  should 
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be  cleaned  for  this  purpose.  Examination  of  rope  fastenings  should  be 
made  before  hoisting  men.  The  Mining  Act  of  Canada  stipulates  that 
rope  shall  be  examined  once  a  month  to  ascertain  deterioration.  For 
this  purpose  the  rope  must  be  thoroughly  cleaned  at  points  selected  by- 
inspectors,  who  shall  note  reduction  in  circumference  and  the  proportion 
of  wear.  Results  of  inspection  should  be  made  in  Rope  Record  Book  and 
a  copy  of  weekly  and  monthly  inspections  sent  to  mine  superintendent 
and  mine  manager. 

Fastening  of  Rope  to  Drum  and  to  Cage 

Fastening  on  drums  in  all  cases  is  made  by  three  wraps,  at  least, 
remaining  on  drum  when  the  cage  is  at  the  bottom.  The  rope  is  then 
passed  through  a  hole  in  the  drum  at  a  very  acute  angle,  with  one  or  two 
turns  around  the  shaft,  and  fastened  back  on  itself  with  two  clamps  or 
clips,  or  fastened  around  a  spoke  with  clamps;  or  better,  fastened  by  a 
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Fig.  1. — Correct  method  of  capping  wire  rope. 

clamp  cast  in  the  spindle  of  the  drum.  At  least  two  full  wraps,  and  better 
three,  should  remain  on  the  drum  when  the  cage  is  at  the  bottom  of  the 
shaft.  The  terminal  inside  the  drum  should  be  fastened  securely  and 
inspected  frequently. 

Fastening  at  the  cage  or  skip  is,  in  most  cases,  done  by  means  of  clips 
or  clamps.  Reports  show  that  these  are  placed  at  varying  intervals,  the 
U-bolt  of  the  clamp  usually  being  placed  on  the  loose  end  of  the  rope  and 
the  cast  portion  of  the  clamp  on  the  solid  portion  of  the  rope.  The 
portion  of  the  rope  covered  by  clamps,  or  a  length  of  6  ft.  to  10  ft.  or  20 
ft.  is  cut  off  every  three  or  every  six  months,  or  whenever  inspection  shows 
that  it  is  necessary.  In  a  few  cases,  half  the  clamps  are  renewed  every 
six  months. 

Fastening  to  the  cage  by  clamps  seems  to  give  the  best  opportunity  for 
inspection,  and  while  sockets  are  considered  and  reported  generally  as 
satisfactory,  the  majority  of  operators  prefer  the  clamps.     These  should 
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be  fastened  as  shown  in  Fig.  1,  the  rope  being  passed  around  a  large 
thimble,  and  further  secured  by  means  of  locknuts.  Careful  inspection 
should  be  made  of  the  rope  when  cUps  are  attached  to  see  that  it  is  free 
from  any  broken  wires  and  that  the  rope  is  thoroughly  clean  when  the 
clips  are  attached.  Nuts  and  locknuts  should  be  examined  every  day 
on  the  regular  inspection  of  the  ropes.    Lengths  of  at  least  10  to  20  ft. 
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-Correct  method  of  socketing  wire  ropb,  Great  Boulder  Proprietary 
Gold  Mines. 


should  be  cut  off  every  three  months  or  six  months,  depending  on  hoisting 
conditions  and  the  amount  of  ore  hoisted.  Strains  will  show  on  the 
portion  of  the  rope  attached  to  the  thimble  and  the  portion  of  the  rope  in 
advance  of  the  clips.  When  rope  is  cut  off,  the  portion  above  the  clips 
should  be  periodically  tested  to  find  the  tensile  strength  of  the  rope  at  that 
point;  the  size  and  diameter  should  be  noted,  also  the  condition  of  the 
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wires,  and  this  diameter  compared  with  the  original  diameter  of  the 
rope.  Also,  an  examination  of  the  interior  of  the  rope  and  the  condition 
of  the  hemp  core  should  be  made,  as  well  as  an  examination  for  corrosion 
and  brittleness  of  the  wires,  which  is  likely  to  be  most  severe  in  the  lengths 
near  the  cage.  The  International  Nickel  Co.  regularly  sends  a  specimen 
of  the  rope  cut  off  to  a  testing  laboratory. 

While  two-thirds  of  the  operators  use  chps,  a  number  use  sockets,  and 
very  careful  attention  is  given  to  the  socketing  of  the  ropes.  In  most 
cases  in  which  they  are  used,  when  the  wires  are  properly  secured,  sockets 
are  found  quite  satisfactory.  The  Sulphide  Corpn.  of  New  South  Wales 
found  that  sockets  did  not  give  sufficient  opportunity  for  inspection  and 
that  corrosion  occurred  although  at  other  points  the  rope  showed  no 
indication  of  such  a  thing.  The  Hudson  Coal  Co.  and  the  Great  Boulder 
mine  use  a  socket  longer  than  that  generally  used,  see  Fig.  2.  This  per- 
mits the  rope  to  extend  into  the  socket  a  short  distance  in  unaltered  form, 
about  2  in.  in  the  case  of  the  Great  Boulder  mine  and  5  in.  in  the  practice 
of  the  Hudson  Coal  Co.  This  gives  greater  strength  at  the  point  of 
contact  of  rope  and  socket  and  less  breaking  action  on  the  individual 
wires.  The  method  of  these  companies  is  to  separate  the  wires,  cut  out 
the  core  to  the  point  where  the  rope  remains  intact,  clean  the  wires  with 
gasoline  and  diluted  muriatic  acid,  wash  them  in  a  dilute  solution  of  soda, 
insert  them  in  the  socket  to  the  upper  seizings  on  the  rope,  taking  care  to 
get  them  in  an  absolutely  straight  line.  The  Hudson  Coal  Co.  and  most  of 
the  operators  simply  loosen  and  broom  out  the  wires.  The  Great  Boulder 
finds  that  turning  the  wires  nearly  at  right  angles  does  not  cause  the 
wires  to  break,  and  has  found  this  practice  satisfactory  in  severe  work 
for  over  twenty  years.  The  socket  is  warmed  to  a  temperature  of  50° 
to  60"  F.  and  pure  spelter  is  poured  in  carefully  and  continuously  until  it 
fills  the  socket  and  covers  the  wires.  Ropes  newly  capped,  either  by 
socket  or  by  clips,  should  be  run  several  trips  with  a  light  load  before 
heavy  loads  or  men  are  handled. 

Where  sockets  are  used  for  fastening,  the  greatest  care  should  be  taken 
in  cleaning  the  wires  and  in  setting  them  before  the  metal  is  poured  into 
the  socket,  so  that  uniform  stress  will  come  on  each  wire.  Sockets  should 
be  cut  out  every  three  or  six  months.  Lengths  of  rope  6  to  10  ft.  should 
also  be  cut  off  every  three  months  or  six  months,  depending  on  hoisting 
conditions,  load,  stress  on  the  rope,  as  well  as  water  and  atmospheric 
conditions.  Careful  examination  and  tests  of  these  pieces  should 
be  made,  as  mentioned  under  inspection  of  clips. 

Life  of  Rope 

On  this  point  considerable  diversity  of  practice  prevails.  Several 
operators  discard  rope  when  the  wires  on  the  outside  of  the  strands  are 
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worn  to  less  than  60  per  cent,  of  the  original  area,  and  when  inspection 
shows  signs  of  corrosion.  Others  take  more  particular  note  of  the  number 
of  broken  wires.  One  company  discards  rope  when  the  number  of 
broken  wires  in  any  consecutive  10  ft.  exceeds  10  per  cent,  of  the  total 
wires  in  the  rope;  another  very  careful  company  condemns  the  rope  when 
twelve  wires  per  foot  are  found,  or  if  the  wires  be  pitted  and  can  be  pried 
out  of  place  easily,  even  if  no  broken  wires  are  found;  another  discards 
rope  when  60  to  70  wires  are  broken  in  one  strand.  One  company  finds 
that  a  decrease  of  3'^-in.  (3.17  mm.)  in  diameter  renders  the  rope 
unserviceable  and  cuts  grooves  in  the  sheaves ;  another  company  abandons 
the  rope  when  a  decrease  of  ^q  in.  in  diameter  is  shown  or  when  seven 
wires  are  broken  in  any  one  strand.  The  Anaconda  Copper  Co.  discards 
when  not  more  than  20  per  cent,  of  the  strength  of  the  rope  is  used  up  by 
abrasion  and  broken  wires.  The  Sulphide  Corpn.  generally  discards  its 
6X7  rope  when  one  wire  in  any  lay  shows  fractures;  even  if  appa- 
rently in  good  condition,  rope  is  discarded  after  two  years'  service.  A 
few  companies  put  a  time  limit  on  the  use  of  the  rope,  even  when  charac- 
teristics of  the  rope  are  good.  One  iron  company  turns  the  rope  end  for 
end  after  six  months  and  discards  it  after  twelve  months'  service.  The 
International  Nickel  Co..  which  takes  special  care  of  its  ropes,  abandons 
them  after  two  years'  use,  even  if  a  rope  is  apparently  in  good  condition. 
After  the  tensile  strength  of  ropes  of  regular  lay  has  been  reduced  25 
per  cent,  by  alteration  and  wear,  the  limit  of  safety  has  usually  been 
reached.  With  Lang-lay  rope  this  reduction  may  be  extended  to  30  or 
35  per  cent,  of  the  tensile  strength.  When  wires  of  the  ordinary  lay  on 
the  outer  side  of  any  strand  are  worn  to  60  per  cent,  of  the  original  area, 
or  when  outer  wires  of  the  Lang  lay  are  reduced  to  50  per  cent,  of  their 
original  area,  it  is  safe  practice  to  abandon  the  rope.  The  number  of 
broken  wires  permissible  in  any  one  lay  should  be  very  few.  Some  com- 
panies discard  the  rope  when  the  number  of  breaks  in  any  consecutive 
10  ft.  exceeds  10  per  cent,  of  the  total  number  of  wires  composing  the 
rope,  which  seems  as  many  as  should  be  allowed.  The  proposed  mining 
law  concludes  that  if  six  broken  wires  occur  in  any  lay,  the  rope  should 
be  condemned.  With  these  differences  in  point  of  view  and  of  practice, 
must  be  considered  the  reduction  of  safety  factor  ascertained  by  tests, 
the  corrosion,  if  any,  effect  of  the  mine  atmosphere,  the  work  done  by  the 
rope,  speed  of  hoisting,  etc.  A  practice  that  will  increase  the  life  of  the 
rope  would  be  to  change  ropes  from  one  drum  to  the  other  every  six 
months,  so  that  the  rope  having  the  underwind  on  the  drum  will  be 
alternated  with  the  rope  having  the  overwind.  Ropes  should  be  turned 
end  for  end  every  six  months  or  every  year,  depending  on  the  life  that 
is  found  possible  and  permissible.  Where  a  rope  is  in  constant  active 
service  and  in  heavy  duty,  attention  to  all  details  gives  fully  two  years 
life,  with  a  possibilitj^  of  a  longer  time.     Light  or  irregular  duty  may 
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permit  use  for  a  longer  time.  The  wearing  parts,  the  working  conditions, 
the  broken  wires  due  to  wear  must,  with  careful  inspection,  determine  the 
safe  period  for  use. 

Lubrication  of  Rope 

Lubrication  of  rope  varies  from  the  use  of  any  of  the  compounds 
manufactured  by  the  oil  companies  for  hoisting  rope,  to  a  combination  of 
these  compounds  with  oil,  in  the  colder  countries,  and,  in  some  cases 
crude  oil,  or  alternate  applications  of  oil  and  rope  compound  combined. 
A  few  companies  lubricate  with  heavy  black  oil  or  crude  oil,  arranged  to 
drip  on  at  the  sheaves,  with  special  dressing  of  compound  at  intervals. 
The  greater  number  prefer  the  lubricating  compounds  made  especially 
for  ropes.  One  mine  that  contains  acid  water  applies  thin  compound, 
followed  by  heavier  compound  once  a  month.  The  International  Nickel 
Co.  uses  the  same  lubricant  applied  every  two  weeks.  In  winter  this  is 
followed  by  black  oil;  the  rope  is  passed  through  a  hollow  box  and  the 
heated  lubricant  is  poured  in.  A  number  of  companies  prefer  a  special 
compound  of  the  Texas  oils  for  wet  shafts,  applied  every  two  weeks; 
another  company  uses  a  lubricant  every  60  days,  with  an  additional  drip 
above  the  sheaves,  using  waste  oil  from  the  compressors. 

The  Great  Boulder  mine  uses  castor  oil,  applied  through  a  tray  or  cone 
bolted  around  the  rope,  with  a  gland  or  valve  at  the  lower  part  of  the 
cone  packed  with  rubber.  As  salt  water  is  encountered  in  the  shaft,  the 
rope  must  be  carefully  lubricated  every  three  weeks.  The  use  of  oil  in 
connection  with  lubrication,  as  practiced  by  several  of  the  companies,  is  a 
wise  method.  Lubrication  must  not  only  be  for  the  outer  part  of  the 
rope  but  for  the  lubrication  of  the  individual  wires  inside  the  strands. 
Heating  the  lubricant  increases  its  power  of  penetration.  In  experiments 
made  by  The  International  Nickel  Co.,  cold  oil  applied  to  a  core  did  not 
penetrate  to  the  hemp  in  the  core  at  all,  but  a  Considerable  amount  of  hot 
oil  did  reach  the  hemp. 

Old  lubricant  on  the  rope  should  be  cleaned  off  every  three  or  six 
months  by  running  the  rope  through  steam  in  a  trough  and  swabbing  off 
the  rope.  Hot  oil  should  then  be  applied  and  a  good  lubricant,  free 
from  acid,  should  be  applied  every  two  or  three  weeks.  One  of  the  main 
objects  to  keep  in  mind  is  to  apply,  first,  heated  oil  which  will  penetrate 
to  the  inside  of  the  strands  and  then  the  heavy  outer  lubricant,  and  both 
should  be  well  rubbed  in. 

Rollers  in  Inclined  Shafts 

Practice  is  about  evenly  divided  between  the  use  of  wooden  and 
steel  rollers.  One  large  company  operating  with  heavy  loads  in  a  shaft, 
with  an  inclination  of  60°,  uses  lap-welded  boiler  tubing  12  in.  long,  6  in. 
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in  diameter,  with  spindles  turning  on  bronze  bearings  in  cast-steel  frames. 
This  gives  entire  satisfaction.  The  Great  Boulder  mine  finds  steel 
rollers  8  in.  in  diameter  very  satisfactory;  also  that  disks  of  old  belting 
8  in.  in  diameter,  clamped  together,  make  very  good  rollers.  The  Ray 
mine,  Arizona,  Cranberry  Creek  coal  mine,  Witherbee-Sherman  mine  all 
use  wooden  rollers.  The  Copper  Range  Co.  uses  rollers  made  up  of 
wrought-iron  disks  32  in.  in  diameter,  filled  with  maple  blocks  wedged 
in  on  the  spindle,  which  is  set  in  brass-bushed  bearings.  These  work  very 
satisfactorily.  The  Wharton  Steel  Co.  uses  steel  rollers  on  roller  bear- 
ings, which  have  worked  very  well.  General  South  African  practice 
favors  steel  rollers,  which  are  preferred  to  any  other,  and  these,  with 
care,  have  given  good  service. 

Acknowledgments  are  herewith  made  to  the  friends  and  officials 
who  replied  to  the  questionnaire;  also  to  Hans  Behr  and  to  B.  F.  Tillson, 
for  suggestions  for  good  practice. 

DISCUSSION 

B.  F.  Tillson,*  Franklin,  N.  J. — A  roller  that  we  think  is  superior  to 
those  mentioned  in  this  paper  is  made  of  soft  rubber  similar  to  that  used 
for  the  treads  of  automobile  tires.  Soft  rubber  will  outwear  hardwood 
blocks  and  give  much  less  wear  of  the  rope. 

We  once  built  too  nice  a  bearing;  the  ball  bearings  were  too  free  from 
friction.  After  the  skip  left,  there  was  not  sufficient  friction  in  the 
bearing  to  bring  the  idler  to  a  state  of  rest  before  the  skip  returned; 
therefore  the  tendency  was  for  the  idler  to  scour  the  rope  before  it  ceased 
rotating  in  one  direction  and  started  to  rotate  in  the  other.  We  designed 
a  bearing  with  greater  friction  which  comes  to  rest  an  instant  before  the 
rope  returns  and  does  not  have  the  inertia  to  overcome  in  the  idler. 

A  question  is  always  raised  as  to  the  factor  of  safety;  of  course  we 
all  realize  that  what  we  call  a  factor  of  safety  is  a  factor  of  ignorance.  Is 
it  not  our  duty  to  define  that  factor  of  ignorance  more  closely?  We 
buy  a  rope,  specify  a  certain  installation,  and  assume  that  it  must  have 
an  initial  factor  of  safety  of  a  certain  amount;  when  it  gets  down  to 
another  factor  of  safety,  which  may  be  five  times  the  breaking  strength 
of  the  rope  for  the  load  being  carried,  we  take  it  off.  There  is  no  reason 
for  that  except  that  it  is  a  factor  of  ignorance.  If  the  rope  is  strong 
enough,  it  does  not  have  to  be  five  times  as  strong  as  is  necessary.  The 
point  is,  have  we  made  the  research  necessary  to  limit  that  factor  of 
ignorance?  Should  we  not  analyze  our  conditions  and  bring  them  into 
as  narrow  a  limit  as  possible,  and  then  determine  the  maximum  per- 
centage variation  for  each  condition? 


Mining  Engineer,  New  Jersey  Zinc  Co. 
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Maximum  hoisting  speed  is  prescribed  in  many  mining  laws,  with 
which  I  take  issue,  because  they  prescribe  for  something  of  which  there 
is  no  definite  knowledge.  The  speed  at  which  we  may  operate  in  a 
shaft  depends  on  the  conditions  of  the  haulageway  and  the  equipment. 
I  see  no  reason  why  the  production  of  an  operator  who  has  put  his  equip- 
ment in  proper  shape  should  be  limited  by  a  law  prescribing  maximum 
hoisting  speeds.  More  information  should  be  obtained  on  the  subject 
and  the  speeds  should  be  prescribed  by  those  who  enforce  the  laws. 
Why  penahze  the  people  who  have  good  equipment?  What  is  the  use  of 
having  first-class  equipment  if  you  cannot  take  advantage  of  it? 


Tests  on  Samples  of  Plow-steel  l}/^-in.  Hoisting  Ropes  of  Six  Straiids 
Each,  of  Nineteen  Wires,  Seale  Patent  Lay* 


Right-hand  Regular-lay  Rope 

Drum  End,  American  Steel  & 

Wire  Co. 


Right-hand  Lang-lay  Roebling 
Rope,  Load  End 


In  service  on  ore  skips  from. 


Total  short  tons  hoisted, 
per  rope 

Foot-tons  of  work  done  on  ore, 
per  rope 

Gross  work  done,  in  foot-tons, 
with  load  of  6.10  tons,  skip  of 
2.75  tons  and  including  work 
done  on  ropes  lowering  the 
empty  skips. 

Measured  diameter  of  rope 
tested,  inches 

1.  Full  sample,  no  wires  cut. . .  . 

2.  Full  sample,  no  wires  cut . . .  . 


3.  One  strand  severed  . 


AprU  27,  1910,  to  Feb.  8,  1912,  or  j  Feb.  8,  1912,  to  AprU  1,  1913,  and 
2 IJ^  months.  still  in  service,  or  13%  months. 


315,759 


266,460 


292,110,560  259,333,284 

Average  length  of  1,273  ft.  of  rope    Average  length  of  1,340  ft.  of  rope 
at  1 .27  tons,  676,500,000.  !     at  1 .34  tons,  607,000,000. 


4.  Two  strands  severed . 


5.  Twelve  wires  severed  in  one 
strand  within  a  distance  of  1 
ft.  and  some  additional  wires 
nicked  in  the  process. 

6.  Twenty  wires  severed  within 
1  ft.,  ten  in  line  on  succes.sive 
strands  on  one  side  of  rope 
and  ten  in  line  on  opposite 
side  with  some  additional 
wires  nicked. 


Three  strands  broke  at  tension  of 

109,300  lb. 
Six  strands  broke  at  tension  of 

1 1 1 ,200  lb. ;  average  1 10,250  lb. 


Two  strands  broke  at  tension  of 
91,300  lb.,  so  showed  82.8  per 
cent,  of  initial  strength. 

Two  strands  broke  at  tension  of 
71,700  lb.,  so  showed  65  per 
cent,  of  initial  strength. 

Seventeen  wires  failed  first  and 
then  three  strands  broke  at  ten- 
sion of  103,000  lb.,  so  showed 
93.3  per  cent,  of  initial  strength. 

Nineteen  wires  failed  first  and 
then  two  and  one-half  strands 
broke  at  tension  of  70,200  lb., 
so  showed  63.7  per  cent,  of 
initial  strength. 


Six  strands  broke  at  tension  of 
121,0001b. 

Three  and  one-half  strands  broke 
at  tension  of  110,700  lb.  Aver- 
age 115,850  lb.  Second  sample 
broke  where  rope  was  bent  about 
thimble  in  service. 

One  strand  and  ten  wires  broke 
at  tension  of  89,300  lb.,  so 
showed  77.2  per  cent,  of  initial 
strength. 

One  strand  and  five  wires  broke 
at  tension  of  77,200  lb.,  so 
showed  66.7  per  cent,  of  initial 
strength. 

Seven  wires  failed  first  and 
then  six  strands  broke  at 
tension  of  104,500  lb.,  so 
showed  90.3  per  cent,  of  initial 
strength. 

Five  wires  failed  first  and  then 
six  strands  broke  at  tension  of 
93,900  lb.,  so  showed  81.1  per 
cent,  of  initial  strength. 


*  Test  pieces  3  ft.  long  in  the  clear,  made  at  plant  of  J.  A.  Roebling's  Sons  on  April  11, 1913. 
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My  impression  is  that  much  of  our  information  in  regard  to  the  testing 
of  ropes  is  based  on  the  tests  of  new  ropes.  The  results  obtained  by  test- 
ing a  rope  that  has  been  put  into  service  (that  has  possibly  had  its  tensile 
strength  increased  by  the  fact  that  work  has  been  done  on  it,  whose  hemp 
center  is  compacted  and  whose  wires  are  gathered  into  a  more  permanent 
location  in  respect  to  each  other)  will  greatly  influence  our  viewpoints  as 
to  when  a  rope  is  in  a  dangerous  condition.  The  accompanying  table 
gives  a  few  figures  of  tests  made  for  me  some  years  ago. 

Another  factor  is  the  torsion  in  the  rope  produced  by  the  movement  of 
a  rope  over  a  head  sheave.  There  is  bound  to  be  a  tendency  for  shght 
wear  from  pressure  on  the  head  sheave.  The  inertia  of  the  sheave  as  the 
rope  starts  to  pass  through  it  naturally  tends  to  twist  the  rope,  just  as  if 
a  screw  is  forced  into  a  nut.  For  this  reason  it  is  essential  that  the  rope 
should  be  properly  attached  to  the  cage,  especially  on  ordinary-lay  rope, 
because  the  torsion  will  increase  as  the  load  approaches  the  head  sheave. 

Graham  Bright,*  East  Pittsburgh,  Pa. — Are  the  factors  of  safety 
used  in  determining  the  size  of  cables  used  for  hoisting  based  on  the  dead 
load,  or  is  acceleration  taken  into  account? 

One  of  the  tables  shows  an  accelerating  rate  of  13  ft.  per  sec.  per  sec. 
As  this  particular  hoist  is,  no  doubt,  a  steam  hoist,  the  pulsating  effect 
of  the  engine  will  probably  produce  a  maximum  accelerating  rate  of 
about  15  ft.  per  sec.  per  sec.  This  is  about  one-haK  of  the  effect  due  to 
gravity,  so  that  with  this  high  rate  of  acceleration,  50  per  cent,  of  the 
dead  weight  must  be  added  to  obtain  the  stress  on  the  cable  during  the 
accelerating  period.  Where  such  high  rates  of  acceleration  are  used,  it 
is  most  important  to  take  this  into  account  in  apph'ing  factors  of  safety. 
Such  a  high  rate  of  acceleration  is  too  great  for  safe  operation  of  a 
mine  hoist. 

B.  F.  TiLLSON. — It  is  common  not  to  consider  acceleration  when 
basing  the  installation  of  ropes  on  factors  of  safety.  That  is  one  of  the 
items  that  should  be  eliminated. 

Rudolph  Kudlich,!  Washington,  D.  C— The  acceleration  stresses 
should  be  considered  when  figuring  the  factor  of  safety,  but  the  bending 
stresses  are  much  more  important.  The  different  mining  regions  have 
quite  different  customs  regarding  the  size  of  hoist  ropes.  The  Pennsyl- 
vania anthracite  and  bituminous,  the  West  Virginia,  and  the  Tennessee 
districts,  as  nearly  as  we  have  been  able  to  find  out,  follow  quite  well  the 
rope  manufacturers'  recommendations  as  to  the  relation  of  the  diameter  of 
the  rope  to  the  sheave.  In  Illinois,  they  use  a  large  rope  in  proportion 
to  the  sheave  diameter.     The  result  is  that  the  stress  due  to  curvature  of 


*  Engineer,  Westinghouse  Elec.  &  Mfg.  Co. 

t  Assistant  to  Chief  Mechanical  Engineer,  U.  S.  Bureau  of  Mines. 
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the  larger  ropes  around  the  smaller  sheaves  is  twice  or  three  times  the 
weight  of  the  net  load  and  reduces  the  static  dead  load  factor  of  safety 
from  five  to  an  actual  factor  of  safety  of  three  or  four. 

J.  F.  How'E,*  Worcester,  Mass. — The  factors  of  bending  are  some- 
times confused ;  one  factor  is  the  bending  stress,  another  is  loss  of  strength 
due  to  bending.  It  is  possible  to  bend  a  rope  over  a  very  small  sheave 
and  lose  only  10  per  cent,  of  the  strength;  that  would  not  be  a  good 
operating  condition  as  would  be  speedily  shown  by  the  breakage  of  the 
wires,  but  the  actual  loss  of  strength  in  the  rope  is  not  as  great  as  the 
bending  stress  w^ould  indicate.  The  bending  stress  indicates  the  stress 
in  the  outer  fiber  that  would  be  produced  by  a  load  equivalent  to  it.  In 
other  words,  a  bending  stress  of  5  tons  on  a  load  would  be  the  same  stress 
in  the  outer  fiber  as  would  be  caused  by  a  direct  load  of  5  tons;  that  does 
not  reduce  the  strength  of  the  rope  by  5  tons,  but  puts  a  stress  in  the 
outer  fiber  equivalent  to  that. 

Robert  Peele,!  New  York,  N.  Y. — A  stress  sometimes  lost  sight  of 
is  the  starting  stress.  In  almost  all  cases  where  chairs  are  used  on  starting 
the  load,  there  will  be  a  few  inches  of  slack  rope;  dynamometer  tests 
have  shown  that  the  additional  load  on  the  rope  is  very  great.  It  is  good 
practice  to  use  a  larger  factor  of  safety  for  a  shallow  shaft  than  for  a 
deep  shaft,  because  in  a  shallow  shaft  the  rope  has  less  total  resilience. 
In  a  deep  shaft,  with  a  long  rope,  there  may  be  sufficent  elasticity  to  take 
care  of  the  starting  stress.  The  allowance  for  starting  stress  may  be 
reduced  therefore  as  the  shaft  deepens,  and  it  might  disappear  entirely 
in  a  shaft  several  thousand  feet  deep.  Once,  in  a  Quincy  shaft,  when  I 
was  on  a  man  car,  just  starting  up  from  the  o4th  level,  a  signal  was 
suddenly  given  to  stop  the  car  at  a  level  200  or  300  ft.  above  the  starting 
point.  The  engineer  instantly  shut  off  steam  and  applied  the  brakes, 
perhaps  imagining  that  an  accident  was  impending.  The  car,  with 
four  or  five  men  on  it,  acted  in  much  the  same  way  as  a  bird  cage  on  the 
end  of  a  spring;  it  had  a  maximum  up  and  down  motion  of  perhaps  20 
or  30  ft.  before  it  gradually  came  to  rest.  This  illustrates  the  amount  of 
resilience  in  long  rope.  Table  1  is  well  founded,  because  the  minimum 
factor  of  safety  may  properly  decrease  with  the  depth  of  the  shaft. 

The  result  of  bending  back  the  wires  in  making  hoisting-rope  sockets, 
depends  partly  on  the  kind  of  steel  in  the  rope.  Sharp  bending  of  the 
wires  is  more  injurious  when  the  steel  is  of  high  tensile  strength  (high 
temper),  than  when  the  rope  is  made  of  mild  steel.  Also,  heating  the 
wires,  preparatory  to  bending  them,  must  be  carefully  controlled  to 
avoid  drawing  their  temper. 


*  Wire  Rope  Engineer,  American  Steel  and  Wire  Co. 
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At  high  hoisting  speeds,  with  large  drums  and  short  periods  of  accelera- 
tion, the  inertia  of  a  heavy  head  sheave  may  cause  considerable  frictional 
wear  on  the  rope.  On  suddenly  checking  such  an  engine,  preparatory  to 
landing  the  cage,  a  14-ft.  sheave,  weighing  say  3  tons  and  running  at 
high  velocity,  may  chafe  the  rope  seriously  before  the  sheave  comes 
to  rest. 

B.  F.  TiLLSON. — The  following  outline  has  been  proposed  for  any 
investigation  of  steel  hoisting  ropes  for  mines: 

1.  Relative  advantages  of  Lang-lay  and  ordinary-lay  ropes  for  various  services: 

(a)  Proper  methods  of  attachment  to  load,  swivelled  or  unswivelled  connec- 

tion. 

(b)  Rope  sockets  or  clamps  and  methods  of  applying,  number  required  and 

spacing  to  break  rope  before  failure  of  attachment, 

2.  Corresponding  reduction  in  "Factors  of  Safety"  due  to: 

(a)  Severance  of  wires  in  one  or  several  strands  and  distribution  per  running 

foot  of  rope. 

(b)  Reduction  of  area  of  metallic  cross  section  of  rope  because  of:  (1)  wear, 

(2)  corrosion. 

(c)  Changes  in  initial  structure  of  metal  from:  (1)  Bending  stresses — static, 

kinetic  and  reversals,  (2)  repeated  shocks — either  tensile  or  beating 
from  overlap  on  hoisting  drums,  (3)  overloading  and  stretch,  (4)  heat 
treatment  involved  in  cleaning  ropes  by  steam,  (5)  electrolysis  due  to 
acid  waters,  alkaline  waters,  and  stray  electric  currents,  (6)  hydrogen 
embrittlement,  (7)  torsion  due  to  fixed  attachment  of  ends  and 
resistance  of  sheave  to  rotation. 

(d)  Life  of  hoisting  ropes  as  measured  by:  (1)  Foot-tons  of  work  performed, 

(2)  appearance  of  ropes  externally  and  internally,  (3)  stretch  of  the 
rope  (permanent  elongation),  (4)  length  of  time  in  ser\'^ice  and 
number  of  trips  hoisted. 

3.  Wire-rope  specifications  and  methods  of  testing. 

4.  Proper  factors  of  safety  as  influenced  by: 

(a)  Hoisting  of  men  or  ore. 
(6)  Maximum  acceleration. 

(c)  Size  of  head  sheaves,  hoist  drums,  and  angle  of  lead. 

(d)  Shaft  equipment. 

5.  Limiting  hoisting  «peeds  for  men  and  ore,  respectively. 

6.  Care  of  hoisting  ropes: 

(a)  Inspection. 

(6)  Cleaning  and  lubrication. 

Rudolf  Kudlich  (written  discussion). — Professor  Raymond 's  dis- 
cussion of  the  replies  received  in  answer  to  this  questionnaire  on  the  use 
of  hoisting  ropes  brings  out  many  points  which,  if  generally  followed  by 
mining  companies,  will  lead  to  greater  safety  in  mine  hoisting;  but  these 
replies  were  received  chiefly  from  metal-mining  companies,  and  refer  to 
comparatively  deep  shafts.  A  survey  of  hoisting  practice  in  coal  mines, 
made  by  the  Bureau  of  Mines,  showed  that  in  various  districts  quite 
different  conditions  existed,  and  different  practices  were  followed,  in 
part  due  to  natural  physical  conditions  and  in  part  to  choice  of  equipment. 
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In  the  northern  anthracite  district  of  Pennsylvania,  where  the  depth 
of  shafts  var}^  from  a  few  hundred  to  almost  2000  ft.,  it  has  become  the 
custom  to  use  rather  heavy  engines  with  large  drums  and  sheaves. 
Shafts  are  usually  comparatively  dry,  so  that  the  ropes  suffer  little  from 
corrosion  if  protected  by  a  suitable  lubricant.  Cars  are  loaded  by  hand, 
are  rather  low,  and  need  not  be  of  heavy  construction,  allowing  a  light 
cage  construction  and  comparatively  large  factors  of  safety  on  ropes.  The 
maximum  speed  of  hoisting  at  many  of  these  shafts  is  high,  ranging  up 
to  almost  4000  ft.  per  min,,  though  the  rate  of  acceleration  is  low  on 
account  of  the  heavy  engines  and  drums.  Ropes  are  used  on  shafts  until 
they  show  slight  wear,  when  they  are  used  on  slopes  or  rope  haulageways 
until  worn  out. 

In  the  southern  anthracite  district,  the  depths  of  shafts  are  comparable 
with  those  of  the  northern  districts.  Coal  is  loaded  from  chutes,  necessi- 
tating heavier  car  construction  and  allowing  larger  cars.  Sizes  of  drums 
and  sheaves  for  coal  hoists  are  about  the  same  as  in  the  northern  region, 
and  the  same  size  ropes  are  used,  working  at  a  lower  factor  of  safety. 
Shafts  are  often  wet  and  the  water  quite  acid,  making  it  difficult,  if  not 
impossible,  to  prevent  internal  corrosion  which  occasionally  results  in 
ropes  breaking  in  service.  The  average  life  of  ropes  in  this  region  is 
about  two  years. 

The  large-tonnage  mines  of  the  Illinois  and  Indiana  bituminous  field 
present  quite  different  conditions.  Here  the  shafts  rarely  exceed  500  ft., 
and  are  dry.  Engines  with  small  drums  and  sheaves  are  used  to  handle 
comparatively  heavy  loads  that  require  ropes  too  large  for  the  sheave 
diameter.  The  small  fight  drums  allow  rapid  acceleration  but  cause 
additional  stresses  which,  with  the  excessive  bending  stresses,  reduce  the 
apparent  factor  of  safety  of  5  to  6,  as  calculated  on  static  loads,  to  an 
actual  factor  of  safety  of  3  to  4.  Though  the  maximum  speed  is  less  than 
that  attained  in  the  northern  anthracite  mines,  rates  of  acceleration  and 
retardation  at  the  beginning  and  end  of  the  hoist  are  so  much  greater 
that  the  average  speed  of  hoisting  is  often  greater.  This  all  tends  toward 
rapid  deterioration  of  the  ropes,  which  average  about  nine  months  of  use, 
and  often  wear  out  in  three  or  four  months.  In  practically  aU  shafts 
six-strand,  nineteen-wire  rope  is  used  in  preference  to  six-strand  seven- 
wire  rope,  though  at  some  mines  flattened  strand  rope  is  preferred. 
Crucible  steel  is  used  in  most  cases,  plow  steel,  as  a  rule,  being  used  when 
the  load  has  been  increased  and  it  is  not  possible  to  increase  the  size  of 
the  rope  on  account  of  drums,  sheaves,  etc.  Lang-lay  rope  is  generally 
preferred,  and  is  sometimes  used  even  where  the  rope  is  to  be  used  on  a 
slope  after  being  taken  from  the  shaft. 

It  is  the  almost  universal  practice  to  have  only  one  layer  of  rope  on 
the  drum.  In  most  of  the  older  hoists  wood-lagged  cyfindrical  drums 
are  used;  on  the  newer  ones,  straight,  coned,  or  profiled  cast-iron  drums. 
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Drum  diameters  vary  from  5  to  14  ft.  and  sheaves  from  6  to  14  ft.  Sheaves 
usually  are  unlined;  some  have  the  throat  chilled,  others  are  of  soft  cast 
iron.  Because  of  the  shallow  depths,  it  is  possible  to  keep  the  angle  of 
ieet  low,  in  most  cases  less  than  1^  per  cent. 

There  is  the  same  lack  of  uniformity  in  rules  for  determining  the  end 
of  the  life  of  a  rope  in  coal  and  metal  mining.  In  the  northern  anthracite 
district,  where  the  ropes  discarded  from  shafts  can  be  w'orn  out  on  slopes, 
condemning  a  rope  for  shaft  use  does  not  mean  a  total  loss  of  the  rope; 
hence  ropes  are  condemned  for  very  slight  signs  of  wear,  say  from  one  to 
half  a  dozen  broken  wires  in  a  thousand  feet  of  rope ;  or  because  the  rope 
has  stopped  stretching.  Several  of  the  companies  take  the  ropes  off 
shafts  after  two  years'  service,  even  though  they  show  none  of  these 
signs  of  wear.  On  slopes,  ropes  are  condemned  for  signs  of  external  w^ear, 
internal  wear,  as  shown  by  looseness  of  the  wires,  reduction  of  diameter 
of  rope,  or  broken  wires.  No  hard  and  fast  rules  are  set.  The  inspector 
follows  his  judgment. 

In  the  other  two  fields  mentioned,  ropes  are  worn  out  on  the  shaft, 
and  more  definite  indications  of  the  life  of  the  rope  would  seem  necessary. 
Where  corrosion  is  the  deciding  factor,  the  general  appearance  of  the  rope 
is  indicative  of  external  corrosion,  while  looseness  of  wires,  reduction  of 
diameter  and  examination  of  the  portion  cut  off  when  resocketing,  indi- 
cate the  amount  of  internal  corrosion.  Seldom,  if  ever,  are  ropes  opened 
for  internal  examination.  Where  the  ropes  fail  from  bending  strains 
and  wear,  the  number  of  broken  wires  in  a  given  length  of  the  rope  are 
considered.  Definitions  of  dangerous  conditions  vary;  for  instance, 
10  wires  in  10  ft.,  two  adjoining  wires  of  one  strand,  six  broken  wires  in 
one  length  of  lay,  or  a  rapid  increase  in  the  number  of  broken  wires  in  the 
entire  rope. 
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Use  of  Wire  Rope  in  Mining  Operations 

By  James  F.  Howe,*  M.  E.,  Worcester,  Mass. 

(New  York  Meeting,  February,  1922) 

Every  engineer  and  user  of  wire  rope  is  desirous  of  information  that 
will  enable  him  to  determine  whether  the  performance  of  any  particular 
piece  of  rope  is  satisfactory,  and  what  conditions  can  be  changed  so  as  to 
increase  the  life  of  a  rope.  In  most  cases,  it  is  far  from  easy  to  analyze  the 
conditions  of  service  and  tell  which  is  the  greatest  factor  in  determining 
the  life  of  wire  rope.  If  we  start  on  a  layout  for  an  entirely  new  rope 
system,  the  task  of  making  conditions  satisfactory  is  simplified  so  far  as 
the  engineering  details  are  concerned;  but  if  the  plant  requiring  wire  rope 
is  in  operation,  any  change  is  likely  to  involve  the  expenditure  of  consider- 
able money  to  replace  and  change  over  machinery  that  must  be  kept  in 
constant  operation,  because  a  large  monetary  loss  will  result  from  a  shut- 
down for  even  a  few  days.  Often  wire  rope  is  kept  operating  under  bad 
conditions,  as  the  user  thinks  that  it  is  cheaper  and  quicker  to  replace 
the  rope  than  to  make  alterations  in  the  hoisting  machinery. 

A  typical  case  is  a  metal  mine  operating  in  what  is  now  almost  the 
center  of  a  large  mining  city,  where  it  owns  a  few  acres  of  mineral  rights. 
It  was  expected  that  the  shaft  would  go  to  a  depth  of  1000  ft.  (305  m.), 
so  a  moderate-sized  rope,  about  13-^  in.  (31.7  mm.),  was  used  on  a6-ft.drum 
with  a  7-ft.  head-frame  sheave  and  rather  short  lead  from  drum  to  head 
sheave.  This  mine  has  gone  deeper  each  year  until  it  is  now  2500  ft. 
deep  and  the  rope  speed  has  been  increased  from  1500  ft.  per  min.  to  over 
3000  ft.  The  original  rope  just  filled  the  drum  in  one  layer,  now  it  over- 
winds three  layers.  The  original  ropes  were  probably  6  X  19  crucible 
steel  and  lasted  from  12  to  18  mo.;  now,  the  highest  grade  plow  steel  is 
used,  yet  the  average  service  is  only  about  6  mo.  The  cause  is  not  hard 
to  find.  If  the  engineers  had  known  at  the  outset  what  would  be  done 
with  this  hoist,  the  design  would  have  been  very  different.  Condi- 
tions at  this  mine,  from  a  wire-rope  standpoint,  have  gradually  become 
worse  and  it  is  difficult  to  see  how  rope  service  on  this  hoist  can  be  com- 
pared with  the  service  of  previous  years  with  any  fairness  to  the  wire- 
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rope  maker.     Excessive  speed,  overwinding,  and  heavy  loads  combine  to 
wear  out  this  wire  rope. 

Safety 

The  first  matter  that  should  receive  consideration  in  any  rope  problem 
is  the  question  of  safety.  The  slogan  "safety  first"  has  become  a  house- 
hold phrase,  but  we  use  these  words  so  commonly  that  their  original 
significance  has  been  lost.  Most  rope  installations  are  readily  made 
"safe  first"  by  taking  into  account  the  known  forces  acting  upon  them 
and  then  applying  a  suitable  safety  factor.  From  the  moment  a  wire 
rope  is  installed,  however,  most  of  the  forces  that  act  upon  it  tend  to 
produce  a  gradual  deterioration,which  ultimately  brings  the  rope  to  the 
point  where  it  must  be  taken  off  and  a  new  one  substituted.  What  these 
various  causes  are  and  what  effect  they  have  on  rope  service  will  be 
discussed  later. 

Regular-lay  and  Lang-lay  Rope 

Both  of  these  forms  of  rope  construction  are  old  and  both  have  their 
advocates.  In  Great  Britain,  Continental  Europe,  and  South  Africa, 
Lang-lay  ropes  constitute  probably  80  per  cent,  of  all  used  in  mining. 
In  the  United  States,  probably  90  per  cent,  of  all  ropes  in  use  are  of 
regular  lay.  To  find  the  reason  for  this  difference  in  practice,  it  will  be 
necessary  to  study  the  question  very  carefully.  Lang  lay  was  one  of  the 
earliest  forms  of  rope  manufacture  practiced  abroad.  As  a  result,  the 
wire-rope  users  became  familiar  with  the  characteristics  of  this  lay  and 
learned  early  how  to  handle  it  successfully. 

In  a  Lang-lay  rope,  the  wires  in  the  strands  and  the  strands  in  the  rope 
are  twisted  in  the  same  direction,  giving  the  rope  the  characteristic 
appearance  of  being  loosely  twisted.  Each  individual  wire  appears  on 
the  surface  of  the  strand  for  a  longer  distance  than  in  the  case  of  regular- 
lay  rope.  The  worn  spots  on  any  wire  are  longer  and  such  ropes  appear 
to  wear  down  farther  than  on  a  regular-lay  rope.  In  a  regular-lay  rope, 
the  wires  in  the  strands  have  a  left-hand  lay  and  the  strands  in  the  rope 
have  a  right-hand  lay;  or  in  other  words,  the  lay  of  the  strands  opposes 
the  lay  of  the  rope.  The  rope  has  the  appearance  of  being  more  closely 
twisted  or  laid  together.  A  worn  regular-lay  rope  exposes  more  worn 
crowns  per  foot  but  the  worn  spots  are  shorter. 

If  a  Lang-lay  rope  is  twisted  in  a  direction  to  unlay  the  rope,  the  wires 
in  the  strands  will  untwist  at  about  one-third  the  rate  of  the  untwisting 
that  occurs  in  the  rope  proper,  assuming  the  same  angle  of  lay  for  each. 
As  a  result  of  such  untwisting,  the  outside  wires  of  the  strands  are 
loosened,  the  amount  depending  on  the  amount  of  untwisting.  Excessive 
stretching  of  a  Lang-lay  rope  will  produce  about  the  same  effect.  The 
only  opposition,  therefore,  to  the  continued  untwisting  of  a  Lang-lay 
rope  is  the  stiffness  of  the  individual  wires  to  the  torsional  stress  tending 
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to  untwist  them.  If  a  Lang-lay  rope  is  twisted  in  a  direction  to  shorten 
the  lay  of  the  rope,  there  is  at  the  same  time  a  shortening  of  the  lay  of 
the  wires  in  the  strands  equal  to  about  one-third  of  the  shortening  of  rope 
lay.  The  result  of  this  twisting  of  the  lay  tighter  is  to  produce  a  double 
shortening  of  the  rope ;  consequently,  a  powerful  force  is  exerted  against  a 
shortening  of  the  lay  compared  to  a  weak  force  opposing  the  untwisting 
action.  For  this  reason,  a  swivel  on  a  Lang-lay  rope  will  often  cause 
undue  untwisting. 

A  force  tending  to  untwist  the  regular-lay  rope  meets  violent  opposi- 
tion because  the  wires  in  the  strands  tend  to  twist  together  by  an  amount 
equal  to  about  one-third  of  the  twisting  of  the  rope,  instead  of  untwisting 
as  in  the  case  of  the  Lang  lay.  When  the  operation  is  reversed  and  a 
regular-lay  rope  is  twisted  together,  the  wires  in  the  strands  tend  to 
loosen  up.  In  all  of  these  illustrations,  the  forces  are  assumed  to  be 
acting  on  finished  ropes  in  service. 

In  as  much  as  most  wire  ropes  in  service  tend  to  lengthen  in  lay,  or 
stretch,  it  is  obvious  that  it  is  the  behavior  of  Lang  lay  and  regular  lay 
ropes  to  the  untwisting  forces  that  is  of  most  importance  to  rope  users, 
as  this  is  the  action  that  occurs  most  frequently  in  actual  service.  The 
question,  therefore,  as  to  the  adaptability  of  Lang  lay  or  regular  lay 
to  any  rope  installation  must  be  settled  first  on  whether  both  ends  of  the 
rope  are  fast  at  all  times.  If  they  are,  no  harmful  untwisting  should 
occur  that  would  deform  the  Lang-lay  rope. 

The  next  point  to  be  considered  is  the  question  of  splicing.  In  the 
case  of  a  shaft  rope,  splicing  must  never  be  used,  for  safety  reasons;  but 
on  mine  haulages,  spUcing  occurs  frequently  as  worn  sections  are  replaced 
by  new  ones.  The  lack  of  familiarity  with  the  splicing  of  Lang-lay  rope 
is  one  of  the  drawbacks  to  its  more  extensive  use  in  the  United  States. 
Regular-lay  ropes  are  more  easily  spliced  by  the  men  employed  at  the 
mines  to  do  this  work;  and  more  often  than  for  any  other  reason,  rope 
users  go  back  to  regular-lay  rope  after  trying  one  or  two  Lang-lay  ropes 
because  they  cannot  make  a  satisfactory  splice.  The  principal  trouble 
is  that  the  tucks  pull  out  when  put  in  by  the  ordinary  method.  In  every 
case,  a  longer  tuck  is  necessary  than  with  a  regular-lay  rope.  The  longer 
the  lay  of  the  rope,  the  more  difficult  it  is  to  make  the  splice  hold.  It  is 
always  advisable  to  wrap  the  ends  of  the  strands  to  be  tucked  with  tarred 
marlin  to  increase  the  size  enough  so  that  the  rope  strands  will  press 
firmly  against  the  tucked  strand;  sometimes  the  strands  may  be  crossed 
over  to  good  advantage.  Here  and  there  we  find  a  man  who  can  suc- 
cessfully spHce  Lang-lay  rope,  so  that  it  is  possible  for  all  splicers  to  do 
equally  well  by  the  exercise  of  a  little  ingenuity. 

The  next  point  to  be  decided  is  whether  the  wear  on  the  rope  will  be 
improved  with  Lang-lay,  as  compared  with  regular-lay  rope.  This  is  not 
always  susceptible  to  analysis  before  actual  trial,  but  certain  conditions 
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are  more  favorable  to  Lang-lay  rope  than  others.  For  example,  if  a  wire 
rope  drags  or  rubs,  as  frequently  occurs  on  an  incline  or  haulage,  then  in 
general  Lang-lay  rope  will  give  the  best  results.  Also,  in  cases  of  severe 
overwinding  on  hoisting  drums,  the  Lang-lay  rope  will  frequently  give  the 
best  service.  One  fact,  however,  must  not  be  overlooked:  foreign  rope 
practice  on  Lang-lay  rope  apphcation  is  to  use  the  largest  possible  diam- 
eter of  sheaves  and  drums,  which  of  course  has  a  decided  effect  on  the 
whole  problem.  The  best  mining  practice  in  the  United  States  will 
compare  favorably  with  any  used  abroad,  but  there  are  cases  where  our 
practice  is  not  as  good.  It  should  be  remembered  that  Lang-lay  rope, 
to  give  the  best  results,  must  have  the  best  attention. 

A  new  Lang-lay  rope,  composed  of  the  same  number,  size,  and  strength 
of  wires,  is  from  4  to  8  per  cent,  stronger  on  an  actual  breaking  test 
than  a  regular-lay  rope.  This  extra  strength  is  no  doubt  one  reason  for 
the  large  use  of  Lang-lay  rope  abroad,  where  laws  regarding  safety 
factors  are  usually  under  direct  government  supervision  and  actual  proof 
test  is  required,  at  regular  intervals,  to  determine  whether  a  rope  should 
be  replaced  or  continue  in  service. 

Strength  of  Rope 

The  approximate  strengths  of  ropes  of  different  constructions  and 
strengths  of  steel  are  standardized  in  the  catalogs  of  the  various  American 
rope  manufacturers.  There  has  been  a  tendency,  in  some  cases,  to  take 
these  strength  figures  as  a  minimum  value,  which  is  not  the  intent  of  the 
manufacturers.  Successive  tests  of  contiguous  pieces  of  wire  rope  cut 
from  the  same  piece  will  show  a  variation  from  maximum  to  minimum. 
This  difference  on  large  ropes  (13^  in.  or  over)  might  run  from  3  to  5  per 
cent,  and  on  smaller  ropes,  J'^  in.,  it  might  reach  8  per  cent.;  the  average 
is  about  half  way  between. 

A  definition  of  the  word  approximate  would  seem  to  be  necessary;  the 
best  engineering  practice  would  indicate  that  approximate  could  well  be 
defined  as  covering  a  variation  up  to  but  not  exceeding  5  per  cent,  under 
the  strength  value  so  given.  In  support  of  this  definition,  it  need  only  be 
noted  that  when  testing  a  newly  made  rope,  the  full  value  of  its  strength 
is  never  obtained.  After  a  few  days'  service  under  normal  load,  the 
strands  embed  themselves  into  the  hemp  center  in  the  manner  in  which 
they  are  to  work,  and  a  small  amount  of  stretch,  about  1  per  cent,  in  the 
first  30  days,  will  usually  occur  in  a  mine  rope  or  other  rope  under  similar 
load  conditions  of  operation.  A  test  of  such  a  rope  after,  say,  30  days  of 
operation  will  invariably  show  a  higher  value  than  the  original  test, 
which  may  amount  to  nearly  10  per  cent.  Some  ropes  that  have  been 
condemned  have  shown,  on  actual  test,  values  in  excess  of  their  original 
tests,  even  with  several  broken  wires  in  the  section  under  test,  substantiat- 
ing the  fact  that  the  strength  of  a  rope  increases  somewhat  after  the  rope 
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is  put  into  service.  A  similar  condition  would  doubtless  occur  if  a  speci- 
men of  rope  were  put  into  a  testing  machine  and  allowed  to  stay  for 
several  days  under,  say,  30-per  cent,  load  until  the  stretch  had  been  taken 
out  of  it.  For  refined  calculations  of  rope  strengths,  a  strength  5  per  cent, 
less  than  catalog  approximate  strengths  is  conservative  and  makes  little 
difference  in  the  load  that  a  rope  will  safely  carry. 

Attachment  op  Rope  to  Drum 

The  most  common  method  of  attaching  a  wire  rope  to  a  drum  is  to 
pass  the  end  of  the  rope  through  a  hole  in  the  drum  and  either  clamp  it 
to  the  drum  with  U-bolts  or  clamps,  or  to  pass  the  rope  around  the  drum 
shaft  inside  the  drum  and  fasten  the  end  back  on  itself.  At  least  three 
complete  wraps  are  usually  left  on  the  drum  when  the  cage  is  down  to  the 
lowest  level  of  the  lift.  This  method  seldom  gives  trouble,  but  in  a  few 
cases  there  has  been  a  slight  creeping  of  the  rope  at  the  point  where  the 
rope  goes  through  the  drum  as  the  load  comes  off  with  the  cage  resting  on 
the  bottom,  causing  wear  at  this  point  of  the  drum. 

A  better  method,  and  one  requiring  less  rope,  would  be  to  cast  a  zinc 
cone  on  the  end  of  the  rope  after  it  has  passed  through  the  drum  and  have 
the  drum  recessed  so  as  to  receive  the  end  of  the  rope  thus  treated;  then  no 
slippage  can  occur.  Or  a  special  wire-rope  open  socket  can  be  attached 
to  the  rope  after  it  has  been  pulled  through  the  hole  in  the  drum  and 
fastened  to  a  lug  on  the  inside  of  the  drum  by  means  of  the  socket  pin. 

Attachment  of  Rope  to  Cage  or  Skip 

For  fastening  the  end  of  the  wire  rope  to  the  cage  or  skip,  different 
methods  are  used;  and  in  as  much  as  the  cage  end  is  most  liable  to  give 
way  in  case  of  accident,  it  is  most  important  that  this  end  have  the  most 
efficient  method  of  fastening  possible.  In  the  case  of  the  drum  end,  the 
friction  of  three  wraps  around  the  drum  assists  in  making  the  drum-end 
safe  even  if  clamps  are  used.  It  is  on  the  skip  or  cage  end  where  the 
greatest  improvement  can  be  made  in  attachments.  The  ideal  cage 
fastening  should  develop  the  full  strength  of  the  rope.  Of  what  value  is 
a  high-grade  rope  designed  to  give  a  safety  factor  of  6  if  the  end  fastening 
or  attachment  will  give  only  66  per  cent,  efficiency?  But  how  can  this 
point  be  ascertained,  some  one  may  ask.  Actual  testing  is  the  only  way 
by  which  any  method  may  be  checked  up,  and  the  man  making  the  fas- 
tening should  also  be  checked.  Unless  this  is  done,  it  is  impossible  to 
tell  whether  the  work  of  making  the  fastening  has  been  properly  done  or 
not.  In  making  many  of  the  fastenings,  a  mine  operator  is  dependent 
entirely  on  the  skill  or  judgment  of  the  man  doing  this  work;  and  while  he 
may  be  perfectly  conscientious  in  his  work,  he  may  overlook  important 
factors  that  may  render  the  fastening  weak  or  inefficient.  In  all 
probability,  the  managers  and  engineers  in  charge  of  mines  would  be 
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surprised,  and  in  some  cases  alarmed,  if  they  knew  the  actual  efficiency  of 
their  rope  fastenings  compared  with  what  it  is  possible  to  secure  by 
improved  methods. 

The  various  methods  of  making  end  fastenings  on  cages  and  skips 
may  be  classified  as  follows:  Wire-rope  clamps  for  forming  small  loop 
with  thimble,  wire  rope  clips  for  forming  small  loop  with  thimble,  eye 
spliced  in  rope  for  forming  small  loop  with  thimble,  and  socket  attachment. 

Wire-rope  Clamps  for  End  Fastenings 

The  first  method  involves  the  use  of  one  or  more  clamps,  usually 
made  in  halves  with  a  series  of  bolts  either  in  the  center  or  in  the  center 
and  on  the  edges  of  the  clamp.  The  halves  of  the  clamp  are  usually 
castings,  preferably  of  steel  with  recesses  or  grooves  spirally  along  the 
gripping  surfaces,  and  when  drawn  up  to  the  tightest  position,  there  is 
from  }'8  to  ^i  in.  (3.17  to  6.35  mm.)  between  them.  A  wire-rope  thimble 
is  usually  inserted  in  the  small  loop  formed  below  the  clamp  to  protect 
the  rope  from  abrasion  from  the  pin  on  the  cage  or  skip.  The  bolts  of  the 
clamp  are  drawn  up  tight  with  no  load  upon  the  rope,  using  as  large  a 
wrench  as  is  practicable  for  the  bolt  being  tightened.  This  clamp  does 
not  appreciably  distort  the  rope  being  clamped.  The  power  of  such  a 
clamp  to  hold  is  dependent  on  the  following  factors : 

I  =  length  of  clamp,  in  inches; 

D  =  diameter  of  rope  (rope  goes  through  clamp  twice),  in  inches; 

n  =  number  of  bolts; 

d  =  diameter  of  bolts,  in  inches; 

/  =  coefficient  of  friction  of  surfaces  in  contact; 

t  =  tension  on  each  bolt  when  tightened  (half  this  is  exerted  on  each 

rope  in  clamp),  in  pounds; 

S  =  strength  of  rope  or  required  strength  of  clamps,  in  pounds; 

N  =  number  of  clamps  required,  if  more  than  one  is  used; 

nt 
cyjy,  =  pressure  per  square  inch  of  clamping  surface  (projected  area) 

N/^^,        nt\,       N 


N  /  nt  \  J\ 

Then  S  =  2  (^^^  X  2Dl)^  =    2  ^""^^^ 


As  the  strength  »S  of  a  rope  varies  as  the  square  of  the  diameter,  a 
2-in.  rope  will  require  a  clamping  surface  four  times  as  large  as  a  1-in. 
rope,  assuming  that  the  coefficient  of  friction  is  the  same  on  a  large  rope 
as  on  a  small  one.  One  factor  that  must  be  considered  is  the  maintain- 
ing of  the  tension  on  the  bolts  of  the  clamp.  A  wire  rope  will  yield  a 
little  after  it  has  been  compressed  for  a  time  and  will  cause  a  slackening 
of  the  bolt  tension.  Furthermore,  under  tension,  there  is  a  reduction  in 
the  diameter  of  the  rope,  which  reduction  is  increased  as  the  load  increases. 
It  is  therefore  necessary  to  maintain  tension  on  the  bolts.     It  is  doubtful 
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if  large  bolts  set  up  with  very  high  tension  would  be  safe  unless  tightened 
at  frequent  intervals  during  the  first  few  days  of  operation.  As  high 
pressures  per  square  inch  are  not  advisable,  it  would  mean  making  clamps 
about  three  times  the  size  given  in  the  formula  to  insure  reasonable  safety. 
Clamps  give  an  efficiency  of  80  to  85  per  cent,  under  careful  application, 
based  on  actual  tests. 

Wire-ro'pe  Clips 

These  consist  of  a  forged-steel  base  with  four  prongs  and  a  U-bolt  or 
loop,  with  nuts  on  each  end,  for  clamping  down  a  wire  rope.  A  steel 
thimble  must  be  inserted  in  the  loop  to  protect  the  rope  from  abrasion. 
Clips  depend  for  their  holding  power  on  the  distortion  by  the  U-bolt  of 
one  of  the  two  parts  of  rope  being  gripped.  The  proper  method  of 
attaching  a  clip  is  to  have  the  loop  bite  on  the  short  side  of  the  rope  forming 
the  loop,  so  that  the  flat  base  of  the  clip  will  rest  against  the  tension  side 
of  the  rope.  The  number  of  chps  required  depends  on  the  size  of  rope  to 
be  fastened.     The  number  for  various  sizes  of  ropes  is  given  in  Table  1 . 

Table  1. — Number  of  Wire-rope  Clips  for  Various  Ropes 


Diameter  of  Rope, 
Inches 

Number  of  Clips 
Recommended 

Size  of  U-bolt, 
Inches 

Size  of  Wrench  for 

Tightening, 

Inches 

Minimum  Spacing 

Between   Clips, 

Inches 

K 

2 

Vs 

8 

4 

He 

2 

H 

8 

4 

% 

2 

% 

8 

4 

Ke 

2 

¥2 

8 

4 

K 

2 

M 

12 

5 

% 

3 

Ke 

12 

5 

M 

3 

% 

12 

5 

Vh 

4 

^ 

12 

6 

1 

4 

M 

16 

6 

IH 

5 

M 

16 

6 

IH 

5 

% 

16 

8 

W% 

6 

% 

16 

8 

IH 

6 

% 

16 

8 

m 

6 

% 

16 

10 

iM 

6 

1 

20 

10 

1% 

6 

1 

20 

10 

2 

6 

1 

20 

10 

2H 

6 

m 

24 

12 

2H 

6 

iM 

24 

12 

2M 

6 

iM 

i           24 

12 

3 

6 

IK 

24 

12 

The  larger  a  rope,  the  greater  is  the  number  of  clips  required,  not- 
withstanding the  increased  size  and  power  of  the  clip.  If  a  single  clip 
could  be  tightened  sufficiently  to  hold,  it  would  probably  bite  off  the 
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rope  on  the  short  side,  so  that  several  clips  should  be  used.    The  efficiency 
of  clip  fastenings  is  approximately  85  per  cent. 

Eye  Spliced  into  Rope 

SpUcing  an  eye  in  the  rope  consists  in  tucking  each  strand  of  the 
short  end  of  the  rope  for  five  times  underneath  the  proper  strand  of  the 
tension  side  of  rope.  This  fastening  is  not  dependent  on  clamps  and 
holds  equally  well  under  all  loads,  but  it  is  only  about  90  per  cent,  efficient. 
On  tests  for  ultimate  strength,  the  strands  nip  each  other  and  break  in 
the  sphce.     An  expert  sphcer  is  required  to  make  this  fastening 

A  modified  form  of  eye  spHce,  which  the  writer  recently  patented,* 
is  capable  of  developing  practically  100  per  cent,  of  the  strength  of  any  rope 
so  spKced.  The  end  of  the  rope  is  spht  into  halves,  and  these  halves  are 
crossed  over  and  laid  back  on  each  other  so  that  each  side  of  the  loop 
contains  one-half  the  strands  without  any  tucks.  The  laying  of  the 
strands  back  around  each  other  is  such  that  friction  does  most  of  the 
holding,  only  a  Ught  fastening  being  necessary  to  hold  the  strands  after 
making  the  eye.  Actual  tests  show  this  to  be  the  most  efficient  form  of  eye 
spUce  developed. 

Socket  Attachment 

For  the  sake  of  clearness,  this  will  be  considered  under  two  subheads, 
the  old  method  and  the  new. 

Old  Method. — Several  modifications  of  this  method  have  been  used 
but,  in  general.,  it  consists  in  bringing  a  wire  rope  through  the  small  end 
of  the  basket  of  a  socket.  The  rope  is  then  seized  a  short  distance  from 
the  end,  the  hemp  center  cut  out,  and  the  wires  bent  outward,  one  at  a 
time,  or  inward  toward  the  center.  When  all  the  wires  have  been  bent 
over,  the  rope  is  drawn  down  into  the  basket  of  the  socket  and  babbitt  or 
lead  poured  around  to  fill  the  voids.  Sometimes  one  or  more  tapered 
pins  are  inserted  before  pouring  in  the  babbitt  or  lead.  In  a  few  cases, 
zinc  is  used,  but  in  most  cases  the  wires  are  not  cleaned  except  that  they 
are  wiped  with  waste.  If  the  wires  are  large  and  stiff,  they  are  sometimes 
heated  red  hot  with  a  torch  to  facihtate  the  bending.  If  the  man 
doing  the  socketing  is  in  a  hurry  to  finish  the  work,  instead  of  bending 
over  single  wires,  a  whole  strand  of  nineteen  wires  is  heated  red  hot  and 
bent  at  one  time.  The  idea  of  bending  over  the  wires  is  to  make  them 
hold  and  the  babbitt  serves  to  fill  up  the  spaces  and  conceal  what  is 
underneath. 

When  bent  each  of  the  wires  resembles  a  fish  hook  (except  for  the 
barb),  and  acts  in  about  the  same  manner.  Under  load,  a  fish  hook  will 
straighten  out,  the  bend  being  the  weak  spot,  and  in  quite  a  few  cases 

»Fiill  descriptions  of  method  of  making  is  given  in  U.  S.  Patent  No.  1334244, 
assigned  to  American  Steel  &  Wire  Co. 
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ropes  have  pulled  clear  out  of  sockets,  sometimes  with  disastrous  results. 
When  the  torch  is  used,  the  danger  is  increased  because  an  annealed  rope 
wire  has  less  than  half  of  the  original  strength.  In  all  cases,  the  stress 
on  a  rope  socketed  by  this  method  is  carried  up  to  the  point  of  bend, 
which  is  concealed  beneath  the  lead  or  babbitt.  There  is  no  way  in 
which  the  condition  of  the  wires  can  be  determined,  but  the  number  of 
cases  of  failure  is  sufficiently  large  to  warrant  discontinuing  the  method 
of  bending  over  wires,  use  of  torch,  and  babbitt  or  lead.  The  efficiency 
will  vary  from  40  up  to  75  or  80  per  cent,  of  the  rope  strength. 

New  Method. — This  is  the  result  of  research  work  on  the  part  of  rope 
manufacturers  seeking  a  more  reliable  method  of  socketing.  This 
method  is  simple,  cheap,  and  possesses  the  highest  efficiency  known  to 
the  rope  art.  It  is  therefore  rated  at  100  per  cent.  The  directions  for 
attaching  sockets  to  wire  rope  are  as  follows: 

The  rope  should  be  securely  seized  at  the  end  before  cutting  off,  and  an  additional 
seizing  placed  at  a  distance  equal  to  the  length  of  the  basket  of  the  socket  away  from 
the  end.  In  the  case  of  large  ropes,  this  seizing  should  be  several  inches  long  and 
securely  wrapped  on  with  a  special  seizing  iron;  this  is  important  in  order  that  the 
lay  of  the  rope  should  not  become  untwisted,  otherwise  the  tension  on  the  strands 
may  not  be  equal  when  the  socket  is  applied. 

Take  off  the  end  seizing,  and  cut  out  the  hemp  center  back  to  the  other  seizing 
and  broom  out  the  wires  perfectly  straight;  i.e.;  they  should  all  be  untwisted,  not 
necessarily  straightened. 

The  wires  for  the  distance  that  they  are  to  be  inserted  in  the  socket  should  be 
carefully  cleaned  in  benzine,  naphtha,  or  gasoline,  and  then  dipped  in  a  bath  of 
commercial  muriatic  acid  for  30  to  60  sec,  or  until  the  acid  has  thoroughly  cleaned 
each  wire. 

Dip  the  wires  in  boiling  hot  water,  to  which  has  been  added  a  small  amount  of 
soda  to  neutralize  the  acid,  and  insert  the  wires  into  the  basket  of  the  socket.  Be  sure 
that  the  socket  lines  with  the  axis  of  the  rope. 

Seal  the  base  of  the  socket  basket  with  putty,  clay,  or  similar  substance,  and  pour 
molten  zinc  into  the  basket  of  the  socket  until  it  is  full.  The  zinc  must  not  be  too 
hot,  or  it  will  anneal  the  ends  of  the  wires,  particularly  on  the  smaller  ropes;  about 
800°  to  875°  should  be  sufficiently  hot.  When  congealed,  the  socket  can  be  plunged 
into  cold  water  to  cool  off.  If  socketing  is  properly  done,  the  wire  rope,  when  tested, 
will  break  one  or  more  strands  between  the  sockets. 

In  order  to  have  a  check  on  the  performance  of  the  rope  and  be  sure  that  no  wires 
are  slipping,  the  wires  should  project  H  in.  above  the  zinc  which  is  poured  around 
them,  thus  allowing  an  opportunity  for  constant  inspection  of  the  safety  of  the 
fastening  which  is  impossible  with  any  other  method  of  socketing. 

The  important  points  to  be  noted  are  to  clean  the  wires  thoroughly, 
to  flux  them  with  acid,  and  to  use  zinc,  never  babbitt  or  lead.  Zinc 
adheres  to  the  wires  firmly;  in  fact,  the  wires  are  galvanized  into  a  solid 
mass.  This  new  method  of  socketing  is  fully  described  in  Bulletin  No. 
75,  U.  S.  Bureau  of  Mines,  and  is  used  exclusively  by  mines  in  South 
Africa  for  all  their  rope  attachments. 
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Having  provided  for  the  best  type  of  fastening,  one  other  point 
should  be  noted.  The  vibration  of  a  rope  in  motion  is  free  to  pass  and 
repass  until  it  reaches  the  fastening,  where  it  stops;  the  result  is  an  early- 
fatigue  of  the  wires  for  a  few  feet  near  the  attachment.  This  may  be 
guarded  against  by  cutting  off  about  5  ft.  (1.5  m.)  near  the  cage  end  and 
resocketing  or  recapping  at  regular  intervals.  Recommendations  for 
this  practice  are  also  given  in  the  bulletin  just  mentioned.  This 
distance  may  vary  with  conditions,  but  it  is  an  easy  matter  to  ascer- 
tain this  by  watching  for  broken  wires  at  or  near  the  socket;  but 
after  six  months,  a  change  of  fastening  is  advisable  regardless  of  whether 
broken  wires  show  or  not.  Vibration  also  stops  when  the  rope  reaches 
the  head  sheave  and  at  the  drum,  both  when  the  cage  is  at  the  surface 
and  when  it  is  on  the  bottom,  so  it  is  advisable  to  advance  these  points 
a  few  feet. 

Deteriorating  Influences 

As  mention  has  been  made  of  the  necessity  for  safety  first,  it  is  neces- 
sary to  determine  what  constitutes  safety  last,  for  a  wire  rope  must  be 
safe  until  it  is  removed,  otherwise  it  is  positively  dangerous.  The  ques- 
tion is  how  is  the  time  for  its  removal  to  be  determined;  the  answer  is,  by 
tests  of  the  worst  worn  or  broken  portions  of  the  rope  condemned  or  taken 
off.  The  South  African  mining  law  provides  for  a  test,  every  six  months, 
of  the  piece  cut  off  when  the  rope  is  resocketted.  Whenever  this  test 
shows  that  the  strength  is  below  that  required  by  law,  the  rope  must  be 
removed  and  a  new  rope  put  on.  In  the  United  States,  the  state  mine 
inspectors  have  the  authority  to  order  a  rope  taken  off  if  in  their  opinion 
it  is  unsafe  to  run.  There  is  also  a  difference  in  requirements  for  ropes 
used  for  hoisting  men.  In  one  of  the  largest  metal  mines  in  the  United 
States,  a  workman  inspects  the  man-hoist  rope  each  day,  and  if  he  pro- 
nounces the  rope  unsafe,  not  a  man  goes  into  the  mine  until  the  rope 
has  been  replaced  with  a  new  one.  In  almost  all  cases,  the  replacement 
of  rope  is  done  on  a  more  or  less  arbitrary  basis.  Very  seldom  is  a  piece 
of  the  rope  tested,  and  the  user  is  frequently  groping  around  in  the  dark 
as  to  the  exact  facts. 

Reference  has  already  been  made  to  the  fact  that  rope  strength 
increases  for  a  time  after  a  rope  goes  into  service.  In  one  case,  a  IJ-^-in. 
6  X  19  rope  showed  a  higher  strength  on  a  section  cut  from  the  worst 
worn  section  than  was  secured  from  a  piece  cut  from  the  end  next  to  the 
drum,  where  there  was  no  wear,  and  yet  it  was  deemed  necessary  to  take 
off  the  rope  as  unsafe. 

The  safety  factor  in  a  wire  rope  will  be  reduced  by  the  following 
causes:  (1)  External  wear;  (2)  breakage  of  individual  wires;  (3)  corrosion 
by  acid  water,  alkali  water,  electrolysis;  (4)  loss  of  elasticity;  (5)  fatigue 
in  metal  composing  wires  from  regular  or  reverse  bending,  load  variations 
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caused  by  shocks  due  to  starting  and  stopping  or  overloading,  torsion  at 
or  near  attachments. 

External  Wear 

External  wear  is  the  simplest  phenomenon  in  connection  with  rope 
usage,  and  it  occurs  in  all  places  to  some  degree  in  hoisting  and  haulage 
ropes.  When  a  rope  wears  down  smoothly  without  breakage  of  wires  or 
corrosion,  conditions  are  more  or  less  ideal.  It  is  possible  for  wires  to 
wear  down  to  nearly  one-half  their  original  diameter  and  yet  for  the 
rope  to  have  more  strength  than  the  worn  condition  would  indicate. 
It  is  an  exceptional  rope,  however,  in  which  the  wires  will  wear  down  to 
one-half  their  original  diameter.  The  worn  spot  is  only  on  the  crown  of 
the  strand,  while  the  rest  of  the  wire  is  its  full  section,  for  which  reason 
the  actual  strength  is  greater  than  the  value  obtained  by  taking  one-half 
the  area.  For  example,  if  on  a  6  X  19  rope,  72  wires  are  worn  half 
through  there  will  be  36  whole  wires  plus  12  inside  wires,  or  78  wires  out  of 
114,  or  about  70  per  cent.  But  if  a  section  is  taken  at  any  given  point  at 
right  angles  to  the  rope,  only  two  or  three  wires  in  each  strand  will  show 
wear,  or  eighteen  wires  in  all,  resulting  in  a  reduction  of  area  of  about 
8  per  cent.,  thus  leaving  the  rope  strength  92  per  cent,  of  the  original  and 
not  70  per  cent,  if  calculated  in  the  other  way.  Actual  test  would  show 
the  values  to  be  nearer  92  than  70  per  cent.,  but  here  again  it  is  well  to 
have  tests  made  to  check  up  any  rope  proposition,  because  other  factors 
are  always  present. 

Breakage  of  Individual  Wires 

Breakage  of  individual  wires  occurs  whenever  the  external  wear  has 
reached  a  point  where  the  wire,  no  longer  as  ductile  as  originally  made,  will 
no  longer  stand  the  combined  forces  of  bending  and  tension.  Defective 
wire  or  poor  construction  may  occasionally  be  indicated  by  broken  wires. 
One  wire  that  broke  repeatedly  in  a  rope  strand  would  look  as  bad  as  if 
different  wires  were  breaking,  but  the  effect  on  the  strength  would  be 
entirely  different.  One  wire  would  reduce  the  strength  of  a  6  X  19 
hoisting  rope  Kl4  of  the  total  strength,  whereas  several  wires  broken  in 
close  proximity  to  each  other  would  reduce  the  strength  directly  in  pro- 
portion to  the  number  broken.  A  normal  rope  indicates  the  fact  that  it 
is  worn  out  by  a  distribution  of  broken  wires  in  a  more  or  less  even  man- 
ner, always  assuming  equal  wear  throughout  the  portion  of  rope  under 
consideration.  If  the  broken  wires  are  5  ft.  or  6  ft.  (1.5  or  1.8  m.)  apart, 
the  resulting  decrease  in  strength  will  be  that  of  one  wire  only  due  to  the 
binding  action  of  the  twist  of  the  wires  in  a  strand.  Three  or  four  wires 
broken  in  one  spot  are  a  far  more  dangerous  indication  than  twice  that 
number  spaced  2  or  3  ft.  apart,  even  if  in  the  same  strand.  The  whole 
question  simmers  down  to  the  uniformity  of  the  distribution  of  the  broken 
wires  as  to  whether  failure  of  a  rope  is  liable  to  result.     The  usual  phe- 
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nomenoii  observed,  however,  is  that  where  one  whe  breaks,  those  on  either 
side  are  liable  to  become  displaced  and  break,  so  that  when  wires  begin 
to  break  a  rope  will  bear  close  watching  and  inspection  to  be  sure  it  does 
not  become  dangerous.  Four  or  five  broken  wires  in  one  place  in  a  rope 
strand  leaves  the  rope  imsymmetrical,  and  in  case  of  a  shock  or  surge 
of  load,  that  strand  may  give  way  and  necessitate  the  immediate  removal 
of  the  rope. 

Corrosion 

Rope  corrosion  is  of  frequent  occurrence  in  mines  where  ropes  become 
wet  from  mine  water.  Both  acid  and  alkali  water  cause  quick  corrosion 
of  a  rope  externally;  and  if  the  core  becomes  saturated  with  water  internal 
corrosion  will  start,  which  may  soon  become  dangerous.  A  rusty  rope 
is  stiff  and  the  wires  break  quickly  as  they  become  cemented  together 
with  rust.  The  only  remedy  is  to  have  ropes  well  lubricated  when  in- 
stalled and  apply  the  lubricant  at  frequent  intervals,  always  being  sure 
to  dry  off  the  rope  so  that  lubricant  will  adhere  firmly  and  keep  the  water 
from  the  core  of  hemp.  Electrolysis  goes  hand  in  hand  with  acid  and 
alkali  corrosion.  Accidents  have  been  caused  by  running  corroded  ropes 
too  long.  The  only  sure  way  is  to  cut  off  a  piece  and  examine  the  inside* 
no  chances  should  be  taken  with  a  corroded  rope,  it  is  stiff,  inelastic,  and 
potentially  dangerous. 

Loss  of  Elasticity 

Loss  of  elasticity  is  the  result  of  corrosion,  excessive  stretch,  etc.,  so 
that  the  resulting  rope  has  not  abiHty  to  withstand  shocks  like  a  new 
rope.     An  inelastic  rope  is  therefore  dangerous  to  keep  in  service. 

Fatigue  in  Wires 

Fatigue  comes  from  the  bending  of  a  rope  back  and  forth  over  sheaves 
and  drums  a  large  number  of  times.  There  are  two  kinds  of  bending, 
one  known  as  regular  and  the  other  as  reverse.  In  regular  bending,  a  rope 
always  bends  in  the  same  direction  and  straightens  out.  This  does  not 
have  a  very  bad  effect  provided  the  diameter  of  sheave  or  drum  is  of 
reasonable  size.  Reverse  bending  consists  of  a  bend  in  one  direction 
followed  by  straightening  of  rope  and  in  close  proximity  a  bend  in  the 
reverse  direction.  Such  bending  greatly  reduces  the  life  of  a  rope  by 
causing  breakage  of  wires  before  much  wear  or  service  has  been  obtained. 
Bending  causes  fatigue  more  quickly  than  any  other  force  that  may  be 
applied  to  a  wire  rope.  It  is  of  the  utmost  importance,  therefore,  to  see 
that  large  sheaves  and  drums  are  used  on  all  installations  where  long  life 
is  expected  of  a  wire  rope. 

Load  variations  caused  by  shocks  of  starting  and  stopping,  also  heavy 
loads,  assist  in  producing  fatigue  from  tensile  stresses;  but  they  are  not 
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as  severe  as  bending  stresses,  because  wire  will  stand  repeated  tensile 
stresses  more  readily  than  repeated  bending  stresses. 

Torsional  stresses  at  or  near  where  ends  of  rope  are  fastened  are 
another  source  of  fatigue.  Twist  will  frequently  be  crowded  ahead  by 
passing  over  sheaves,  and  in  some  cases  a  swivel  will  help  to  prevent  the 
torsion  becoming  serious.  In  other  cases  on  mine  slopes  and  shafts, 
where  swivels  are  not  used,  it  is  advisable,  particularly  in  the  case  of  a 
new  rope,  to  unfasten  the  rope  from  the  cage  or  skip  occasionally,  let  any 
extra  twist  run  out  of  the  rope  naturally,  and  then  reattach  the  rope  to  the 
cage  or  skip.  The  tendency  of  a  rope  to  twist  is,  of  course,  caused  by  the 
stretch,  which  is  greatest  during  the  first  few  days  of  operation  and  de- 
creases until  it  becomes  a  small  factor  in  the  tendency  to  cause  torsional 
stresses  at  or  near  the  fastenings.  If  the  overhead  sheaves  or  turn  sheaves 
around  which  a  rope  passes  become  indented  with  the  impression  of  the 
lay  of  the  rope,  and  a  new  rope  is  put  on  without  first  renewing  the  sheaves 
or  turning  out  the  groove,  there  may  be  a  crowding  back  and  forth  of  the 
lay  of  the  new  rope  because  the  lay  of  the  new  rope  will  not  quite  match 
the  lay  of  the  rope  it  replaced.  This  crowding  back  and  forth  of  rope 
lay  may  become  dangerous  because  of  the  tendency  of  the  rope  to  throw 
a  kink  if  any  slack  is  allowed  to  come  into  it  for  any  reason.  Should  such 
crowding  of  the  lay  be  noted,  the  rope  system  must  be  gone  over  and  the 
cause  of  the  trouble  located  and  corrected.  Excessive  wear  is  also  caused 
by  running  a  new  rope  over  sheaves  already  grooved  with  the  impres- 
sion of  an  old  rope;  this  condition  is  often  the  most  noticeable  point  in 
rope  service. 

Life  of  Hoisting  Rope 

The  determination  of  the  proper  life  for  a  hoisting  rope  and  the  expres- 
sion of  this  factor  in  proper  units  of  measurement  are  matters  of  vital 
importance  to  every  rope  user.  This  is  particularly  true  in  the  case  of 
mining  and  the  operations  closely  associated  therewith. 

For  the  proper  analysis  of  this  problem,  a  consideration  of  the  units  of 
measurement  of  ultimate  rope  life,  used  in  various  places,  is  essential  in 
order  to  determine  which  units,  if  any,  come  the  nearest  to  expressing  a 
fair  and  impartial  measure  of  the  value  of  any  given  wire  rope.  This  is  a 
subject  toward  which  the  attention  of  all  rope  users  is  being  directed,  as 
modern  accounting  systems  tend  more  and  more  toward  the  unit  system 
of  cost  expression.  Items  formerly  grouped  under  large  general  headings 
are  being  divided  into  smaller  groups  and  these  in  turn  subdivided  so  as 
to  show  individual  items  in  cost.  Comparisons  of  all  these  items  are 
being  made  by  all  large  companies,  and  many  of  the  smaller  ones,  in  order 
to  keep  more  closely  in  touch  with  the  factors  entering  into  them.  This 
minute  subdivision  of  cost  items  enables  the  foreman,  superintendent, 
manager,  and  officials  to  see  at  a  glance  what  items  of  cost  are  fluctuating 
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and  the  reason  therefor  is  eagerly  sought  after  in  order  to  keep  costs  at 
the  lowest  possible  level. 

The  following  units  of  measurement  are  used  in  mining  and  allied 
interests  for  measuring  rope  service:  (1)  Tons  hoisted  or  handled  (weight 
unit),  gross  weight  or  net  weight;  (2)  number  of  trips  made  (hoist  unit); 
(3)  days,  months,  or  years  service  (time  unit) ;  (4)  distance  traveled,  in 
miles  (length  unit);  (5)  composite  factor — tons  hoisted  and  length  of 
service.  No.  1  and  3  combined;  (6)  foot-tons  work  performed  (work 
unit),  gross  weight  or  net  weight. 

Tons  Hoisted  or  Handled 

Most  mines  keep  a  record  of  the  tons  hoisted  each  day;  so  the  number 
of  tons  handled  by  a  pair  of  ropes  on  a  balanced  hoist  is  easily  ascertained. 
In  the  case  of  a  coal  mine,  for  instance,  the  tonnage  hoisted  may  consist 
of  rock  or  slate  plus  coal  or  the  record  may  include  coal  only  and  disre- 
gard the  rock  or  slate.  The  amount  of  supplies,  including  timber,  etc. 
lowered,  constitutes  a  variable  factor.  The  proper  method,  if  this  unit  is 
to  be  used  for  measurement  of  rope  life,  would  be  to  use  the  gross  weight 
in  tons  handled,  the  ratio  between  the  gross  tonnage  and  the  net  tonnage 
being  a  measure  of  the  efficiency  of  the  operation;  but  considering  it  from 
a  rope  standpoint,  the  gross  tonnage  hoisted  is  the  fairer  method  of 
measuring  rope  performance. 

Number  of  Trips  Made 

This  might  be  termed  the  hoist  unit  and,  provided  the  hoists  are  all 
made  from  the  same  depth,  the  same  weight  is  hoisted  each  time,  and  the 
same  number  of  trips  per  hour,  and  the  same  number  of  hours  per  day,  it 
might  give  a  fairly  reasonable  measure  of  rope  life.  Such  a  unit  of 
measurement  would  usually  be  applied  to  a  hoist  used  exclusively  for 
handling  men  or  supplies,  rather  than  a  producing  hoist.  There  is 
nothing  to  prevent  the  application  of  such  a  unit  to  a  producing  hoist, 
except  that  the  term  is  less  common  and  for  that  reason  not  as  readily 
converted  into  other  more  common  units  for  comparison. 

Length  of  Service 

In  many  places,  the  time  unit  has  been  used  because  it  did  not  involve 
any  compilation  of  tonnage  records,  simply  keeping  track  of  the  date  a 
rope  is  put  into  service  and  the  date  it  is  taken  off.  Subtracting  the  two 
dates  gives  the  service  in  days,  months,  and  years.  This  method  does 
not  take  into  account  such  variables  as  are  certain  to  occur  over  a  period 
of  time  due  to  various  shutdowns  and  differences  in  the  amounts  handled 
during  different  periods  of  the  rope  life.     It  is  not  always  possible  to 
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make  due  allowance  for  these  variables  where  memory  is  the  only  guide. 
On  the  other  hand,  the  time  factor  has  a  distinct  bearing  on  rope  service. 
Certain  large  mining  companies  have  found  it  advisable  to  prescribe  a 
maximum  length  of  time  beyond  which  a  hoisting  rope  shall  not  be  kept 
in  service,  regardless  of  other  factors.  This  rule  has  been  laid  down  in 
order  that  corrosion  or  deterioration  due  to  light  operation  or  stoppage 
for  any  period  of  time  may  be  properly  taken  care  of.  It  is  well  known 
that  a  wire  rope  standing  idle  is  liable  to  deteriorate  owing  to  corrosion 
and  hence  be  in  a  less  efficient  condition  for  subsequent  operation.  In 
cases  of  idleness,  ropes  should  be  dried,  if  they  have  been  in  contact  with 
moisture,  and  well  lubricated  to  prevent  corrosion  internally  and  exter- 
nally. The  time  limit  in  the  case  of  one  company  was  2  yr.,  but  on 
account  of  the  excellent  grade  of  rope  received  and  the  lubrication  and 
care  taken  of  the  ropes,  the  time  was  lengthened  to  2)4.  yr-  Previous 
to  the  adoption  of  the  time-limit  rule,  some  ropes  were  kept  in  service  as 
long  as  4  yr.,  but  it  was  felt  that  the  added  care  necessary  on  account  of 
more  frequent  inspection  did  not  justify  the  extra  risk  involved  in  keeping 
the  ropes  in  service.  This  same  company  has  now  made  changes  at 
some  of  its  mines  so  that  ropes  are  worked  more  constantly  and  a  larger 
daily  tonnage  hoisted,  so  that  in  some  cases  ropes  are  taken  off  in  13  to 
16  mo.  after  having  taken  out  as  much  tonnage,  but  in  a  shorter  period  of 
time.  In  the  cases  referred  to,  the  time-unit  rule  never  becomes  effec- 
tive as  the  tonnage  hoisted  and  general  rope  condition  are  the 
governing  factors. 

One  chief  use  of  the  time  unit  is  that  it  enables  a  quick  check  to  be 
made  for  rough  comparison  of  any  two  ropes;  and  if  there  is  a  wide  varia- 
tion in  service,  it  enables  a  mine  superintendent  to  check  up  the  tonnages 
handled  and  the  number  of  trips  made.  It  also  serves  as  a  rough  guide 
as  to  when  a  new  rope  should  be  ordered  provided  a  spare  rope  is  not 
on  hand. 

Distance  Traveled 

The  length  unit,  in  the  past  few  years,  has  come  into  prominence  as  it 
possesses  certain  desirable  characteristics,  more  particularly  in  elevator 
service,  but  there  is  nothing  to  prevent  its  use  or  application  to  mining 
service  where  conditions  are  fairly  uniform.  The  distance  traveled  by 
a  wire  rope  is  a  measure  of  its  life  or  performance,  and  in  a  way  is  supple- 
mentary to  the  time  unit.  The  length  unit  is  based  on  the  premises  that 
the  distance  a  rope  travels  and  the  number  of  bends  or  sheaves  passed 
over  are  a  determining  factor  in  the  life  of  a  wire  rope,  which  is  true 
depending  on  the  influence  of  other  well-known  factors.  In  application, 
all  that  it  is  necessary  to  do  is  to  attach  suitable  recording  counters  to 
sheave  or  drum  and  convert  these  revolutions  into  miles,  or  gear  the 
counter  to  read  miles  directly. 
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Composite  Factor 

It  will  be  readily  agreed  that  time  alone,  regardless  of  work  performed 
or  vice  versa,  will  not  be  a  fair  method  of  rope  comparison;  hence,  the 
necessity  of  a  composite  factor.  The  application  of  a  composite  factor 
rests  largely  on  the  judgment  of  the  person  using  it,  but  in  cases  where 
time  of  service  varies  greatly  as  well  as  the  rate  of  mining  operation,  a 
proper  value  needs  to  be  assigned  to  such  variations;  this  value  depends 
on  local  conditions. 

Foot-tons  of  Work  Performed 

The  preceding  five  units  are  an  attempt  to  measure  the  work  per- 
formed by  a  wire  rope,  but  each  has  its  limitations  as  to  accuracy  in 
measuring  work  done.  In  mechanics,  it  is  customary  to  speak  of  foot- 
pounds of  work  done  as  a  unit  of  measurement,  and  there  is  no  reason 
why  the  same  conception  should  not  be  applied  to  rope  performance. 
On  account  of  the  large  forces  involved,  it  will  be  found  more  convenient 
to  use  the  foot-ton  as  the  work  unit  for  measuring  the  work  performed 
by  a  wire  rope.  This  will  properly  be  divided  into  two  parts,  one  useful 
work  and  the  other  non-useful;  the  sum  of  the  two  will  be  the  gross  work 
performed.  For  making  comparisons,  the  gross  work  performed  would 
seem  to  be  the  fairest  method,  as  it  includes  all  work  done  whether  hoist- 
ing cage  or  skip,  loaded  or  empty. 

The  weight  unit  fails  to  take  into  account  anything  except  net  tons 
hoisted.  In  order  to  find  the  work  unit,  record  must  be  kept  of  the 
number  of  trips,  weight  of  cage,  car,  ore,  coal,  rock,  supplies,  and  men 
hoisted,  as  well  as  distance  hoisted. 

In  many  cases,  comparing  the  gross  weight  hoisted  to  useful  load,  it 
will  be  found  that  the  rope  is  performing  considerable  work  for  which  it 
gets  no  credit.  It  will  also  be  found  that  the  higher  the  percentage  of  the 
ratio  of  the  useful  load  to  the  gross  load  hoisted,  the  more  efiicient  is  the 
hoist  and  the  cheaper  the  cost  per  net  ton  hoisted.  Considered  in  this 
light,  many  hoists  could  be  materially  improved  in  efficiency. 

DISCUSSION 

Horace  F.  Lijnt,  Denver,  Colo. — We  have  a  rule  in  Colorado  that 
hoisting  ropes  shall  not  be  spliced  where  men  are  hoisted,  but  once  in  a 
while  somebody  uses  a  spliced  rope  for  hoisting  ore.  Are  there  any  defi- 
nite data  on  that  subject? 

J.  F.  Howe. — I  do  not  know  of  any  definite  data,  because  the  splicing 
is  usually  so  long  that  it  is  difiicult  to  make  an  actual  test  on  spliced  rope. 
For  that  reason,  spliced  ropes  are  confined  mostly  to  haulage  where  there 
is  a  slight  angle  of  pitch,  where  breakage  would  not  occasion  a  serious 
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accident..  1  think  that  spHcing  is  not  allowed  on  the  steeper  slopes  and 
shafts.  I  do  not  believe  rope  manufacturers  would  recommend  splicing 
ropes  under  those  conditions;  that  is,  putting  in  an  endless  splice.  I  do 
not  refer,  of  course,  to  a  splice  in  the  ends  of  a  rope.  A  splice  in  the 
middle  of  a  rope  I  would  consider  dangerous  because  it  must  bend  and 
rebend  so  many  times. 

Horace  F.  Lunt. — Two  or  three  years  ago,  in  a  shaft,  I  think  in 
British  Columbia,  a  rope  broke  and  dropped  a  cageload  of  men.  It  was 
afterwards  discovered  that  this  was  due  to  internal  corrosion.  The 
rope  was  tested  by  an  electromagnetic  method.  I  do  not  know  whether 
it  would  be  practical  to  test  a  rope  electrically  without  taking  it  out  of  the 
shaft,  but  if  such  a  method  could  be  developed,  it  would  be  a  valuable 
means  for  discovering  internal  corrosion,  which  is  likely  to  take  place 
where  there  is  acid  water.  I  understand  that  these  tests  are  quite  delicate 
and  would  not  be  practical  at  an  ordinary  mine.  Has  this  method  ever 
been  tried  in  a  mine? 

B.  F.  TiLLSON,*  Frankhn,  N.  J, — It  has  been  suggested  that  the  excess 
length  of  rope  be  wound  on  a  drum  within  the  main  drum;  do  not  do  it  if 
there  are  more  than  two  layers  of  rope  on  the  drum.  The  incentive  to  do 
that  is  natural.  When  there  are  more  than  two  layers,  the  rope  will 
cross,  bend,  wind  and  unwind  on  the  part  that  enters  the  drum  and  will 
wear  at  that  particular  point,  so  that  the  rope  put  inside  is  worthless. 

Figuring  the  work  on  a  rope  has  always  been  a  puzzle  to  me.  Does 
the  rope  do  work  when  it  is  being  lowered  in  the  shaft?  Should  you 
include  that  in  the  gross  load?  How  much  work  does  a  rope  do  when  it 
IS  hanging  idle  in  a  shaft?  How  are  you  going  to  measure  that?  My 
plan  is  to  figure  the  gross  load  on  the  trips  hoisted  and  not  to  include  the 
gross  load  of  lowering. 

Just  before  the  war,  the  New  Jersey  Zinc  Co.  appropriated  money  for 
the  investigation  of  devices  for  the  magnetic  testing  of  ropes  and  coop- 
erated with  the  Bureau  of  Standards,  which  was  doing  some  work  on 
steel  rails,  in  the  development  of  a  magnetic  device  for  determining 
reductions  in  factor  of  safety  of  hoisting  ropes.  Because  of  the  war, 
we  were  not  able  to  secure  results,  but  I  hope  that  the  matter  will  be 
taken  up  again.  Doctor  Burrows,  who  was  then  in  charge  of  that  work  in 
the  Bureau  of  Standards,  has  since  developed  a  device  that  has  been 
tested  by  the  Otis  Elevator  Co. 


*  Mining  Engineer,  New  Jersey  Zinc  Go. 
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Safety  Devices  for  Mine  Shafts 

By  Rudolf  Kudlich,*  E.  E.,  Washington,  D.  C. 

(New  York  Meeting,  February,  1922) 

The  problem  of  eliminating  the  hazards  of  hoisting  in  mines  has  been 
with  us  since  the  industry  passed  its  earliest  stages,  when  coal  and  ore 
could  be  won  from  surface  working  and  tunnels.  At  first,  safety  devices 
were  introduced  as  means  of  decreasing  the  amount  of  labor  necessary 
to  produce  the  mineral,  or  to  increase  the  amount  that  could  be  obtained 
from  a  certain  opening.  For  example,  crude  ladders  replaced  winding 
footpaths  or  steps  cut  into  the  walls  of  the  pit  or  shaft,  decreasing  the 
distance  it  was  necessary  to  carry  the  product  to  the  surface  and  elimi- 
nating, to  some  extent,  the  hazard  introduced  by  the  precarious  footing 
afforded  by  such  paths  and  steps.  Later,  instead  of  being  carried  from 
the  pit  on  the  backs  of  men,  the  product  was  hoisted  in  buckets  or  baskets 
on  a  rope  passing  over  a  pulley  or  around  a  windlass.  Thus  the  capacity 
of  the  pit  was  considerably  increased,  and  the  hazard  due  to  making 
many  trips  up  and  down  the  shaft  was  eliminated. 

From  such  beginnings  accident  prevention  in  mine  hoisting  advanced 
with  the  importance  of  the  industry,  until  at  present  hoisting  compares 
favorably  with  other  branches  of  the  mining  industry  with  reference  to 
safe  practices.  As  in  the  other  branches,  this  progress  has  been  accom- 
plished along  two  general  Hnes — by  legislation,  rules,  and  education, 
and  by  the  installation  of  safety  devices.  Though  due  credit  must  be 
given  the  former,  it  is  not  so  satisfactory  as  the  latter.  Legislation,  to  be 
effective,  requires  a  policing  and  inspection  system  to  guarantee  enforce- 
ment, such  as  we  cannot  hope  to  inaugurate.  Rules  may  be  satisfactory 
so  long  as  the  employer  controls  the  labor  market,  and  dismissal  or  some 
other  form  of  disciphne  is  an  effective  means  of  insuring  obedience  to 
the  rules;  but  where  labor  demand  is  in  excess  of  the  supply,  or  where 
labor  organizations  are  in  control,  such  measures  are  not  effective.  An 
educational  campaign  will  draw  attention  to  hazards  and  may  awaken 
a  desire  to  avoid  accidents  by  exercising  the  proper  care. 

It  is  necessary,  therefore,  to  place  our  reliance  mainly  on  mechanical 
devices  to  prevent  accidents,  and  to  depend  as  little  as  possible  on  laws, 

*  Asst.  to  Chief  Mechanical  Engineer,  Bureau  of  Mines. 
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rules  or  other  means  involving  the  human  element.  This  does  not  mean 
that  we  hope  to  install  mechanical  devices  that  will  absolutely  protect  the 
workman  against  himself,  or  that  it  is  possible  to  perfect  appliances  that 


Table  1. — Number  of  Men  Killed  by  Shaft  Accidents  in  and  about  the 
Coal  Mines  of  the  United  States,  by  States  During  Period  Shown, 
Ending  Dec.  31,  1913,  for  Which  Continuous  Records 
Are  Available* 
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*  Albert  H.  Fay;    Coal-mine  Fatalities  in  the  United  States,  1870-1914. 
of  Mines  Bulletin  115. 
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will  lemaiii  operative  year  after  year  without  care;  but  better  results  can 
be  expected  from  such  devices,  which  will  protect  unless  they  are  deliber- 
ately rendered  inoperative,  or  are  allowed  to  deteriorate  to  such  an  extent 
that  they  will  not  function. 

To  find  where  the  greatest  need  of  devices  to  prevent  accidents  exists, 
statistics  should  be  studied  to  find  how  the  accidents  occur.  Unfor- 
tunately, statistics  covering  accidents  in  metal  mines  are  very  incomplete, 
so  that  our  assumptions  must  be  based  entirely  on  the  number  and  causes 
of  accidents  occurring  in  coal  mines.  These  assumptions  will  not  be  far 
wrong  for  metal  mines,  as  the  methods  employed  are  not  radically  differ- 
ent. The  principal  hazards,  falling  down  the  shafts  or  being  struck  by 
objects  falling  down  the  shaft,  or  while  riding  on  cages,  exist  in  both  cases. 

Table  1,  compiled  by  the  Bureau  of  Mines  from  the  various  state 
mine  inspectors'  annual  reports,  shows  the  number  of  men  killed  by  shaft 
accidents  in  coal  mines  in  the  United  States  for  periods  up  to  44  years, 
over  which  continuous  records  are  available,  and  ending  Dec.  31,  1913. 
As  this  table  shows  only  the  fatal  accidents  and  divides  them  only  into 
four  groups,  and  as  it  was  well  known  that  the  large  number  of  non-fatal 
accidents  that  occurred  would  indicate  the  lesser  hazards,  a  compilation 
was  made  showing  the  number  of  fatal  and  non-fatal  accidents  in  the  four 
most  important  coal-mining  states  over  a  period  of  10  years;  this  is 
shown  in  Table  2.  These  four  states,  Pennsylvania,  West  Virginia, 
IlUnois,  and  Ohio,  were  chosen  because  they  produced  almost  three  quar- 
ters of  the  coal  produced  in  the  United  States;  therefore  from  the  hazard 
standpoint  they  may  be  considered  as  truly  representing  the  entire  coal- 
mining industry;  also  because  in  the  mine  inspectors'  annual  reports  of 
only  those  four  states  are  accidents  so  fully  described  that  they  can  be 
classified  as  to  the  cause  of  the  accident  and  the  responsibility  for  the 
accident  fixed. 

According  to  Table  2,  the  greatest  number  of  accidents,  199,  or  almost 
20  per  cent,  of  the  total,  resulted  from  falling  down  the  shaft.  This 
immediately  leads  us  to  infer  that  the  heads  of  shafts  are  not  properly 
guarded,  and  that  men  working  in  the  shaft  do  not  properly  protect 
themselves.  The  large  number  of  accidents  of  this  class  is  unfortunate, 
because  these  accidents  are  so  easily  prevented.  Recent  years  have 
shown  a  decided  improvement  in  the  protection  of  shafts  and  a  reduction 
of  such  accidents.  Up  to  and  during  the  period  covered  by  these  statis- 
tics, shafts  practically  unguarded  were  common.  They  were  usually 
fenced  at  the  sides,  but  the  ends  of  the  shaft  were  often  open,  or  at  best 
protected  only  by  a  chain,  bar,  or  gate,  which  was  supposed  to  be  put  in 
place  when  that  shaft  landing  was  not  in  use.  But  within  the  past  few 
years,  the  properly  protected  shaft  landing  is  becoming  more  common. 
By  properly  protected  is  meant  that  the  shaft  is  entirely  enclosed  by 
adequate  fences  and  gates,  except  when  the  cage  is  at  the  landing. 
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Table  2. — Shaft  Accidents  in  Coal  Mines  in  Pennsylvania,   West   Vir^ 

ginia,  Illinois,  and  Ohio,  During  Ten  Years  from  1904  to  1913, 

Inclusive.    Data  Obtained  from  State  Mine  Inspectors'  Reports 
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To  insure  that  the  gates  are  opened  only  when  the  cage  arrives  at  the 
landing  and  are  closed  as  soon  as  it  leaves  the  landing,  it  is  absolutely- 
necessary  that  their  operation  be  entirely  automatic.  Experience  has 
shown  that  men  cannot  be  rehed  on  to  keep  the  gates  closed;  and  in  the 
case  of  landings  where  cars  must  be  run  ojBf  and  on  platform  cages,  the 
physical  effort  is  too  great  for  a  man  to  open  and  close  a  heavy  gate  each 
time  a  car  is  caged. 

Automatic  gates  have  been  developed  to  such  a  state  that  now  a  gate 
can  be  found  to  fulfill  the  requirements  for  each  class  of  landings.  For 
terminal  landings,  gates  operated  directly  by  the  cage  are  suitable.  At 
top  landings  a  cross-bar  extending  across  the  shaft  and  connected  to  each 
gate  is  raised  by  the  cage  or  a  clamp  on  the  hoisting  rope;  also  brackets 
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or  some  similar  device  on  the  cage  engage  the  gates  and  raise  them.  At 
bottom  hmdings,  a  like  arrangement  is  used,  except  that  the  downward 
motion  of  the  cage  raises  the  gate  by  means  of  a  rope  or  chain  passing  over 
a  pulley.  At  surface  landings  where  coal  is  hoisted  to  an  overhead  dump 
or  tipple,  a  more  complicated  operating  mechanism  is  necessary.  Several 
gates  are  available  for  this  purpose,  operated  by  air  or  steam  pistons, 
the  admission  valve  of  which  is  controlled  either  by  the  cage  or  by  the 
hoist.  When  the  cage  is  being  hoisted  past  the  landing,  the  admission 
valve  is  opened  and  closed  so  rapidly  that  the  motion  of  the  piston  is  not 
sufficient  to  raise  the  gate;  but  ifthe  cage  is  stopped  at  the  landing,  the 
valve  is  held  open  and  the  gate  is  raised.  For  intermediate  landings, 
similar  mechanism  electrically  operated  and  controlled  by  the  cage  has 
been  successfully  installed.  Other  gates  opened  directly  by  the  cage,  and 
under  the  control  of  the  engineer,  require  no  external  power  for  their 
operation  but  require  attention  by  the  engineer;  therefore,  they  are  not 
so  fool-proof  as  the  air,  steam,  or  electrically  operated  ones. 

The  gates  should  be  placed  as  near  the  shaft  as  possible,  so  as  not  to 
interfere  with  caging;  they  should  operate  in  a  vertical  rather  than  a 
horizontal  plane  both  to  reduce  the  space  required  and  to  eliminate  the 
possibility  of  sweeping  men  into  the  shaft  when  closing.  They  should  be 
at  least  5  ft.  (1.5  m.),  preferably  6  ft.  high,  to  prevent  men  leaning  over 
them,  and  should  be  sufficiently  strong  to  resist  the  ordinary  rough  usage, 
and  so  reenforced  and  braced  that  they  will  not  be  jarred  apart.  Springs 
or  other  cushions  should  be  provided  to  reduce  the  jar  as  much  as  possible. 

A  small  number  of  these  accidents  resulted  from  falls  from  some  point 
in  the  shaft  while  work  was  being  done  on  the  timbers,  guides,  or  piping. 
These  are  generally  due  to  the  use  of  improperly  constructed  staging,  or 
because  the  men  worked  without  staging.  No  device  can  be  developed 
that  will  eliminate  such  accidents;  they  can  be  avoided  only  by  the 
exercise  of  care  on  the  part  of  the  men  who  build  and  use  the  staging. 

Of  the  1001  accidents  145  were  caused  by  objects  falling  down  shafts. 
There  are  two  methods  of  ehminating  such  accidents — preventing  ob- 
jects from  falling  and  keeping  men  out  of  the  danger  zone.  A  few  of 
the  objects  fall  from  the  surface,  where  they  are  accidentally  thrown  or 
fall  into  the  shaft;  a  few  fall  from  timbers  in  the  shaft,  where  they  have 
lodged  at  some  time;  but  the  majority  are  pieces  of  coal  or  rock  falling 
from  the  cars  as  they  are  being  hoisted  or  dumped  at  the  top.  To  prevent 
the  latter,  the  more  modern  cage  dumps  are  so  designed  that  the  car  is 
carried  some  little  distance  from  the  shaft  before  the  actual  dumping 
period  commences,  so  there  is  little  likelihood  of  any  coal  falling  back  into 
the  shaft;  this  is  quite  a  contrast  to  the  older  cages,  which  dumped  directly 
at  the  edge  of  the  shaft,  almost  every  car  dumped  being  followed  by  a 
rain  of  coal  down  the  shaft. 

Foreign  objects  falling  into  the  shaft  at  the  surface  can  generally  be 
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prevented  by  suitable  fences  and  toe  boards,  but  those  falling  from 
timbers  can  be  eliminated  only  by  unfailing  care  on  the  part  of  the  shaft 
repair  men  and  inspectors. 

The  best  remedy  is  to  keep  the  men  out  of  the  danger  zone  at  shaft 
landings;  this  is  quite  possible  by  the  use  of  automatic  caging  devices. 
These  devices  are  of  benefit  in  so  many  ways  that  it  is  hard  to  understand 
why  they  are  not  more  generally  installed.  From  the  safety  standpoint , 
the  automatic  device  eliminates  entirely  the  need  of  men  working  directly 
at  the  shaft  when  hoisting  coal.  The  empty  cars  are  automatically  released 
from  the  cage,  when  it  is  landed,  and  levers  set  at  a  distance  from  the 
shaft  control  stop  blocks  which,  when  released,  allow  the  loaded  car  to 
run  by  gravity  on  the  cage,  where  it  is  held  by  self-operating  blocks. 
From  the  operating  standpoint,  these  devices  usually  reduce  the  number 
of  men  required  at  the  landing;  reduce  the  amount  of  work  they  are  re- 
quired to  do,  so  that  they  are  able  to  keep  the  same  pace  during  the  entire 
shift;  and,  except  in  rare  instances,  where  a  caging  crew  has  worked 
together  so  long  that  the  men  cooperate  like  parts  of  a  machine,  the  speed 
of  caging  can  be  considerably  increased. 

The  third  largest  class  of  hoisting  accidents  are  those  caused  by  over- 
winding. These  can  also  be  prevented  by  mechanical  devices,  though 
more  complicated  apparatus  is  required  than  in  either  of  the  preceding 
cases.  This  apparatus  has  the  advantage,  however,  of  being  well  pro- 
tected from  the  weather  and  from  dirt,  and  is  under  the  direct  care  of  the 
hoisting  engineer,  a  man  more  famiUar  with  machinery  and  better  able 
tomaintain  it. 

The  earhest  forms  of  apparatus  to  prevent  overwinding,  or  overwinds 
as  they  are  commonly  called,  were  very  simple ;  in  fact,  so  simple  that  they 
did  not  prevent  the  trouble.  One  of  the  earliest  devices  consisted  of  a 
bell  or  gong  rung  by  a  trigger  in  the  shaft  so  placed  that  the  cage  struck 
it  just  before  or  just  after  passing  the  landing.  This  bell  was  supposed 
to  remind  the  engineer  to  shut  off  his  throttle  and  apply  his  brake,  if  he 
had  not  already  done  so.  Next,  the  trigger  instead  of  ringing  a  bell 
released  weights  that  closed  the  throttle,  reversed  the  engine,  and  appUed 
the  brake;  this  was  all  done  instantaneously  after  the  cage  had  passed 
the  landing,  without  any  previous  slowing  down.  Though  this  device 
prevented  the  ascending  cage  from  being  carried  into  the  sheaves,  pro- 
vided there  was  ample  overhoisting  space,  it  did  not  prevent  the  descend- 
ing cage  from  striking  the  bottom  so  hard  as  to  injure  the  men  riding. 
The  stresses  set  up  by  suddenly  reversing  the  engine  and  applying  the 
brake  when  the  engine  was  operating  at  full  speed  were  so  severe  that 
several  engines  were  wrecked  by  this  device. 

Next  mechanisms  were  attached  to  the  engine;  these  could  be  adjusted 
to  suit  conditions  and,  in  general,  were  quite  an  improvement  on  the 
earlier  types.     They  closed  the  throttle  before  the  cage  reached  the 
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landing  and  brought  the  reverse  lever  gradually  to  the  central  point, 
thus  slowing  down  the  engine  preparatory  to  the  application  of  the 
brake  when  the  cage  was  at  the  landing.  There  were  two  principal 
objections  to  this  device.  If  set  so  that  the  hoist  could  land  a  loaded  cage 
with  full  steam  pressure,  it  could  not  do  so  if  the  pressure  was  low,  as  it 
did  not  have  sufficient  momentum  when  the  throttle  was  closed  to  carry 
the  loaded  cage  to  the  landing.  When  men  were  being  hoisted,  the  speed 
of  the  descending  cage  would  not  be  sufficiently  reduced  when  it  reached 
the  bottom,  and  the  impact  of  the  cage  on  the  keeps  or  landing  timber 
was  so  great  as  to  injure  the  men. 

The  most  modern  overwinds  have  overcome  these  objections.  In 
these,  the  speed  is  controlled  by  a  governor  during  the  entire  hoist,  maxi- 
mum speed  being  permitted  until  a  certain  point  near  the  landing  is 
reached,  where,  if  the  speed  has  not  been  sufficiently  reduced  the  power 
is  cut  off.  If  at  a  farther  point  the  speed  is  excessive,  the  reverse  is 
centered,  in  the  steam  hoist,  or  the  controller  thrown  into  reverse,  in  the 
electric  hoist,  and  when  the  cage  reaches  the  landing  the  brake  is  applied. 
In  this  way  the  speed  is  properly  governed  during  the  entire  hoisting 
period,  but  at  no  time  is  the  engineer's  control  of  the  hoist  interfered 
with,  unless  he  has  not  kept  it  under  control. 

These  overwinds  are  also,  if  desired,  fitted  with  devices  by  which  a 
low-speed  limit  is  set  when  hoisting  men,  and  the  surface  landing  instead 
of  the  tipple  is  made  the  terminal  point  of  the  hoist.  This  attachment 
must  be  made  operative  by  the  engineer,  but  as  a  check  on  him  a  signal 
light  at  each  shaft  landing  automatically  indicates  whether  or  not  it 
has  been  set. 

These  devices  are  accurate,  well  built,  and  can  be  relied  on  to  function 
properly,  but  one  weak  spot  has  developed  in  several  installations.  The 
overwind  is  usually  a  separate  piece  of  mechanism  driven  from  the  drum 
shaft  by  chain  and  sprockets.  Generally,  ordinary  malleable-iron  Ewart 
chain  is  used,  which  stretches  and  wears  until  it  becomes  so  loose  that  it 
skips  a  tooth  or  leaves  the  sprocket  entirely.  This  is  a  simple  mechanical 
fault  that  can  be  remedied  by  substituting  gear  and  shaft  drive,  or  a 
better  type  of  chain. 

The  105  accidents  caused  by  men  being  caught  under  the  descending 
cage  occurred  in  foiu*  ways:  Men  were  caught  under  the  cage  while 
clearing  out  the  sump;  while  crossing  the  shaft  instead  of  using  the  pas- 
sageway around  the  shaft;  by  falling  or  slipping  into  the  sump  while 
caging  cars;  or  by  being  pushed  or  falling  while  trying  to  get  on  the  cage 
to  ascend  the  shaft.  Accidents  of  the  first  class  can  be  prevented  by 
probably  as  simple  a  safety  device  as  we  can  contrive — a  substantial  bolt 
or  bar  slipped  through  a  hole  bored  in  a  shaft  guide  a  short  distance 
above  the  entry  level.  If  the  cage  is  inadvertently  lowered,  it  will  come 
to  rest  when  the  guides  or  runners  on  the  cage  strike  the  bar,  and  the 
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men  in  the  sump  will  be  protected.  The  other  accidents  would  have  been 
prevented  had  the  gates  or  caging  devices  described  been  in  use. 

Accidents  listed  as  FalUng  from  Cage  While  Riding  and  Caught 
Between  Cage  and  Shaft  Timbers  could  have  been  prevented  by  the 
same  remedy — providing  the  cages  with  gates.  This  is  one  instance 
of  a  radical  difference  in  practice  in  metal-mine  and  coal-mine  hoisting. 
Cages  for  hoisting  men  in  metal  mines  are  commonly  provided  with 
gates,  while  those  used  in  coal  mines  are  only  rarely  so  equipped.  In 
metal  mines,  cages  are  usually  very  small,  compared  with  those  in  coal 
mines,  and  a  larger  number  of  men  are  crowded  on,  making  gates  neces- 
sary to  prevent  the  men  being  crowded  off.  The  cages  in  coal  mines  have 
larger  decks  and  the  number  of  men  carried  at  one  time  is  in  most  states 
limited,  by  state  laws,  to  ten  or  twelve,  so  that  there  is  ample  room  with- 
out crowding,  and  hand  holds  are  usually  considered  sufficient.  That 
they  are  not  is  shown  by  the  fact  that  179  men  were  killed  or  injured  by 
falling  from  the  cage  or  by  being  caught  between  the  cage  and  the 
shaft  timbers.  These  accidents  are  generally  the  result  of  jostling  or 
playing  while  riding  on  the  cage,  or  of  trying  to  get  on  or  off  the  cage  after 
the  signal  to  hoist  has  been  given;  they  show  clearly  that  the  men  must 
be  protected  against  themselves. 

In  a  large  number  of  mines,  cages  are  equipped  with  bars  or  chains, 
which  are  sometimes  placed  across  the  ends  of  the  cage  when  hoisting 
men,  but  more  often  they  are  not.  When  used,  these  bars  or  chains 
prevent  men  being  pushed  off  the  cage,  but  they  do  not  prevent  men 
trying  to  get  on  after  the  cage  has  been  "rung  away."  Though  it  is  a 
radical  departure,  and  it  is  claimed  that  gates  would  interfere  when 
hoisting  coal,  it  is  recommended  that  all  cages  used  for  handling  men  be 
fitted  with  gates,  and  that  these  gates  be  used  whenever  men  are 
being  carried. 

The  miscellaneous  accidents  that  occurred  while  riding  on  the  cage, 
as  well  as  those  that  occurred  at  the  foot  and  head  of  the  shaft,  were  due 
to  such  a  large  variety  of  causes  that  it  will  not  be  possible  to  go  into 
details  as  to  how  each  could  be  avoided.  Nevertheless,  if  a  shaft  be 
provided  with  the  devices  discussed  here,  the  greater  part  of  these  acci- 
dents would  have  been  avoided. 

It  may  be  questioned  whether  accidents  occurring  while  sinking  a 
shaft  should  be  included  in  shaft  accidents.  This  work  is  usually  done 
by  contract,  and  the  methods  employed  are  not  usually  under  the  control 
of  the  mine  management;  in  many  states,  the  work  is  not  under  the  con- 
trol of  the  mine  inspector.  I  might  say,  however,  that  the  principal 
offender  is  the  crosshead,  or  billy.  This  is  usually  a  simple  wooden  frame 
traveling  between  guides  to  steady  the  rope  to  prevent  the  bucket 
from  swinging.  As  a  rule,  the  crosshead  simply  rests  on  clamps  on  the 
rope,  so  that  the  rope  is  free  to  pass  through  the  crosshead  if  the  latter  is 
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kept  from  descending.  Occasionally,  the  crosshead  sticks  on,  say,  a  lump 
of  ice,  or  in  a  "tight  place"  in  the  guides,  and  its  downward  motion  is 
arrested  momentarily.  After  the  rope  and  bucket  have  passed  down- 
ward some  distance,  the  crosshead  may  come  loose,  and  falling  may  strike 
the  rope  clamp  with  sufficient  force  to  break  the  rope  or  attachment. 
Several  safety  crossheads  have  been  successfully  used,  which  effectively 
prevent  this  accident.  A  catch  is  provided  which  automatically  grips 
the  rope  and  locks  the  crosshead  and  rope  together,  except  when  the 
former  is  resting  on  the  stop-locks  at  the  foot  of  the  guides,  and  the  grip 
on  the  rope  is  released. 

It  is  only  in  anthracite  mines  where  coal  is  hoisted  from  several  levels, 
and  in  metal  mines  where  ore  is  hoisted  in  cars,  that  landing  fans  or  keeps 
are  used,  so  that  this  class  of  accident  is  rare.  The  cause  is  carelessness 
on  the  part  of  the  foot  tenders,  who  neglect  to  withdraw  the  keeps  when 
going  from  an  upper  to  a  lower  level,  or  of  the  engineer,  who  forgets  to 
which  level  he  is  lowering  the  cage.  The  remedy  is  a  signal  system  that 
indicates  on  the  hoisting  engineer's  depth  indicator,  by  light  or  some  other 
means,  just  which  keeps  are  in  or  out,  showing  the  engineer  at  all  times 
how  far  he  can  lower  the  cage. 

At  least  one  such  system  has  been  in  satisfactory  operation  in  the 
shafts  of  one  large  anthracite  company,  wherein  a  movable  mark  on  the 
indicator  dial  indicates  the  level  being  served  at  the  time;  red  and  green 
lights  on  the  target  indicate  the  position  of  the  keeps  at  each  landing, 
and  the  landing  keeps  and  car  blocks  at  each  landing  are  interlocked,  so 
that  the  keeps  must  be  withdrawn  to  set  the  safety^  block  protecting 
the  shaft. 

The  average  miner  fears  more  the  breaking  of  a  hoisting  rope  than 
any  other  accident  which  may  occur  in  a  shaft.  It  is  gratifying  to  note 
that  these  accidents  are  so  few.  Only  four  times  in  ten  years  in  the  states 
covered  by  this  compilation  did  a  rope  break  while  men  were  being  hoisted. 
There  were,  no  doubt,  many  cases  while  coal  was  being  hoisted,  but  we 
have  no  means  of  obtaining  this  information.  The  laws  require  only  that 
accidents  in  which  men  were  killed  or  injured  be  reported,  and  do  not 
require  records  of  ropes  used,  as  do  those  of  some  other  countries.  We  are 
naturally  somewhat  protected  when  hoisting  men,  because  the  static 
load  on  the  rope  is  considerably  less  when  hoisting  men  than  when  hoist- 
ing materials,  and  the  stress  due  to  acceleration  is  also  less  on  account  of 
the  slower  rate  of  speed  at  which  men  are  hoisted. 

The  English  miner  says,  "The  best  safety  catch  is  a  good  rope," 
and  lays  his  entire  stress  on  hoisting-rope  inspection  and  testing,  often 
entirely  omitting  the  safety  catches  from  his  cages.  I  would  amend  this 
motto  to  read,  "The  best  preventative  for  falUng  cages  is  a  good  rope." 
Did  we  use  such  good  ropes  that  there  would  be  no  danger  of  their  break- 
ing, and  was  there  no  danger  of  the  cage  accidentally  striking  an  obstruc- 
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tion  on  the  guides  or  in  the  shaft,  there  would  be  no  need  of  safety  catches; 
but  as  that  is  a  goal  we  cannot  attain,  it  is  necessary  to  equip  cages  with 
these  devices.  But  naturally  the  proper  thing  to  do  is  to  so  care  for  our 
hoisting  ropes  that  there  is  as  little  likelihood  as  possible  of  the  safety 
catches  being  brought  into  play.  It  is  better  to  discard  a  rope  months 
before  it  is  worn  out  than  to  use  it  one  day  too  long  and  have  it  break 
in  service.  The  cost  of  ropes  per  ton  of  material  hoisted  is  so  small,  and 
the  cost  of  a  rope,  compared  with  the  cost  of  damages  caused  by  a  rope 
breaking,  is  so  slight,  that  the  cost  of  discarding  a  rope  on  the  first  sign 
of  weakness  rather  than  using  it  to  the  limit  will  amount  to  a  very  low 
cost  of  insurance. 

The  types  of  safety  catches  now  in  use  have  certain  shortcomings, 
but  if  properly  cared  for  they  are  of  great  value  in  preventing  disastrous 
results  if  hoisting  ropes  break  under  certain  conditions.  Unfortunately, 
many  mining  men  consider  them  of  little  value,  install  them  on  cages 
simply  because  they  are  required  by  the  mining  law,  and  then  neglect  to 
give  them  the  proper  attention.  If  properly  adjusted,  lubricated,  and 
maintained,  most  of  the  modern  safety  catches  will  effectively  prevent 
the  cage  from  falling  if  the  rope  breaks  between  the  cage  and  the  head 
sheave  while  the  cage  is  being  hoisted.  It  is  under  these  conditions  that 
the  rope  usually  fails.  If,  however,  the  rope  should  fail  near  the  drum, 
with  a  considerable  length  of  rope  hanging  over  the  sheave  to  retain  the 
tension  on  the  drawbar  springs,  or  while  the  cage  is  descending,  the  prob- 
abihty  is  that  the  catches  will  not  hold  the  cage,  though  they  may  so 
retard  the  velocity  of  the  falling  cage  that  the  damage  is  minimized. 
But  to  render  absolute  protection  under  these  conditions,  some  radical 
changes  from  the  present  mine-cage  safety  catches  must  be  made.  The 
elevator  manufacturers  have  practically  solved  this  problem,  but  these 
devices  are  more  complicated  than  the  mining  man  thinks  necessary,  one 
or  more  additional  ropes  in  each  shaft  are  required,  and  the  entire  opera- 
tion depends  on  niceties  of  clearance,  alignment,  and  working  fits  that 
are  difficult  to  maintain  under  the  severe  conditions  existing  in  mine 
shafts.  The  ofiice-building  type  of  passenger  elevator  with  metal  guides, 
speed  governor,  etc.,  has  been  installed  as  man  hoists  in  mines,  but  in  only 
a  few  cases. 

Accidents  caused  by  machinery,  that  is,  by  hoisting  engines  and 
sheaves,  could  have  been  prevented  had  the  moving  parts  been  pro- 
tected with  railings  or  guards  such  as  are  in  common  use  in  other 
industrial  plants. 

To  sum  up  the  entire  situation,  we  can  safely  say  that  almost  all  the 
accidents  commonly  occurring  in  shaft  hoisting  can  be  avoided  by  the 
installation  of  suitable  safety  devices,  and  that  with  few  exceptions  such 
safety  devices  have  been  developed  and  can  be  used  without  interfering 
with  the  actual  operation  of  hoisting  in  mine  shafts. 
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Shot-firing  by  Electricity 

By  N.  S.  Greensfelder,  *  E.  M.,  Wilmington,  Del. 

(San  Francisco  Meeting,  September,  1922) 

The  firing  of  explosive  charges  by  electricity  dates  back  to  1745  when 
a  Doctor  Watson  is  said  to  have  used  an  electric  spark  for  igniting  gun- 
powder. His  method  failed  in  practical  application  because,  to  ignite 
blasting  powder,  heat  must  be  applied  for  a  period  longer  than  the  dura- 
tion of  an  electrostatic  spark;  Wheatstone  found  that  this  does  not  exceed 
3^^4000  sec.  The  usual  result,  therefore,  of  an  electrical  discharge  in 
gunpowder  is  to  scatter  the  grains,  without  igniting  them.  Benjamin 
Franklin  partly  overcame  this  difficulty  by  confining  the  powder  and 
crushing  grains  that  lay  in  the  line  of  discharge.  In  1822,  after  the 
primary  cell  had  been  discovered  by  Volta,  Robert  Hare,  professor  of 
chemistry  at  the  University  of  Philadelphia,  noticed  the  heating  of  a 
short  piece  of  wire  placed  in  the  circuit  of  a  voltaic  battery.  Later  work 
by  Oersted,  Faraday,  Wheatstone,  and  Henley  resulted  in  the  develop- 
ment of  the  magneto  blasting  machines. 

Fulminates  of  gold  and  silver  are  thought  to  have  been  discovered  by 
Cornelius  Drebbel,  about  1600.  Pepys,  in  his  diary  for  November  11, 
1663,  recounts  a  conversation  with  Doctor  Allen,  who  told  him  about 
aurium  fulminans  "of  which  a  grain  .  .  .  put  in  a  silver  spoon  and  fired, 
will  give  a  blow  like  a  musquett  and  strike  a  hole  through  the  silver 
spoon  downward,  without  the  least  force  upward."^  This  fallacious 
belief  that  explosives  act  downwards  only  is  still  held  by  many 
who  should  know  better.  Fulminate  of  mercury  was  discovered  by 
Howard  in  1799.  J.  Shaw  of  Philadelphia  is  said  to  have  invented 
a  fulminate-of-mercury  cap  in  1814;  his  idea  was  later  adopted 
by  gunmakers  in  England  and  France.  The  principal  advantages  of 
mercury  fulminate  for  use  in  detonators  are  the  simplicity  of  exploding 
it  and  the  great  shock  developed  by  its  explosion. 


*  Mining  Engineer,  Hercules  Powder  Co. 
1  Marshall:  "Explosives,"  2d  ed.  1,  36,  1917. 
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After  the  invention  of  the  mercury-fulminate  cap  and  the  develop- 
ment of  practical  blasting  machines,  electric  igniters  and  electric  blasting 
caps  were  introduced  and  improved  b}^  manufacturers  in  different 
countries.  In  America  and  England,  efforts  of  inventors  were  directed 
principally  to  detonators  that  were  fired  by  heating  produced  by  an 
electric  current;  in  other  countries  systems  of  ignition  by  sparks  were 
further  developed.  Two  types  of  detonators,  commonly  called  high-ten- 
sion and  low-tension,  were  thus  evolved. 

High-tension  igniters,  or  detonators,  are  not  used  in  this  country  and 
are  practically  obsolete.  A  spark  passing  between  two  metal  poles  ignites 
the  priming  material,  such  as  a  piece  of  guncotton  or  a  composition  of 
potassium  chlorate  and  antimony  sulfide.  The  priming  substance  in  the 
low-tension  type  is  ignited  by  the  heating,  to  incandesence,  of  a  bridge  of 
fine  wire,  usually  platinum,  platinum-iridium,  or  cupro-nickel  alloy, 
embedded  in  the  priming  substance.  This  is  the  type  of  electric  blasting 
cap  used  in  this  country.  Its  resistance  can  be  tested  before  it  is  intro- 
duced into  a  circuit;  whereas  the  only  way  in  which  the  high-tension 
type  can  be  tested  is  by  firing  it. 

"For  various  reasons  mercury  fulminate  seems  destined  to  hold  its 
place  as  the  essential  ingredient  in  high -explosive  primers.  Mixtures  of 
fulminates  with  potassium  chlorate  are  generally  used  for  charging 
detonators.  The  admixture  of  potassium  chlorate  not  only  reduces  the 
quantity  of  the  more  expensive  mercury  fulminate,  but  makes  a  compo- 
sition which  runs  more  easily  in  the  loading  machines  and,  according  to 
the  tests  of  Storm  and  Cope,  mixtures  containing  up  to  20  per  cent, 
potassium  chlorate  are  more  efficient  than  the  mercury  alone.  The 
explosive  reaction  by  which  mercury  fulminate  decomposes  may  be 
written  as  follows: 

HgCaNzOa  =  Hg  -F  2C0  +  N2 

Addition  of  an  oxygen  carrier,  such  as  chlorate,  oxidizes  the  CO  to  CO2 
thus  increasing  the  total  energy  of  the  explosion.  Potassium  chlorate 
itself  decomposes  exothermically  and  adds  additional  heat  to  the 
reaction.  "2 

Apparatus  for  Electric  Shot-firing 

Electric  Blasting  Caps 

The  electric  blasting  caps  used  in  the  United  States  are  copper 
cylinders  A,  Fig.  1,  open  at  one  end,  containing  an  explosive  charge  B 
that  is  detonated  by  the  heating  of  a  fine  bridge  wire  E  when  an  electric 
current  is  passed  through  it  from  wires  D  sealed  into  the  end  of  the  cap 


*  G.  B,  Taylor  and  W.  C.  Cope:  Initia-Priming  Substances  for  High  Explosives. 
Bureau  of  Mines,  Tech.  Paper  162. 
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opposite  the  explosive  charge.  Electric  blasting  caps,  either  No.  6 
or  No.  8  strength,  can  be  obtained  with  copper  or  iron  wires.  The 
maximum  length  of  the  iron  wires  is  usually  8  ft.  (2.4  m.) ;  copper  wires 
are  furnished  in  any  desired  length. 

Waterproof  electric  blasting  caps  are  designed  for  depths  of  water 
up  to  30  ft.  (9.1  m.)  but  not  for  submarine  blasting.  They  have  enamelled 
wires  insulated  suflEiciently  for  use  in  sea  water.  When  blasting  is  done 
in  depths  greater  than  30  ft.,  and  where  considerable  time  may  elapse 
between  the  loading  and  firing  of  the  shots,  submarine  electric  blasting 
caps  should  be  used;  these  are  usually  manufactured  only  on  special  order. 
Nothing  weaker  than  a  No.  8  cap  is  recommended  for  submarine  blasting. 


Fig.  1. — Electric  blasting  cap. 

Delay  electric  igniters  consist  of  copper  cylinders  made  on  the  same 
principle  as  an  electric  blasting  cap,  but  instead  of  an  explosive  charge  at 
the  end  of  the  capsule,  a  piece  of  high-grade  fuse  is  crimped  firmly  against 
the  priming  composition.  These  fuses  vary  in  length  from  2  to  12  in. 
(5  to  30  cm.).  When  the  igniter  is  used  for  firing  high  explosives,  a 
blasting  cap  is  crimped  on  to  the  end  of  the  fuse;  for  black  blasting 
powder,  the  blasting  cap  is  unnecessary.  The  current  passing  through 
the  cap  ignites  the  fuse.  Different  delays  in  detonating  the  explosive 
are  obtained  by  varying  the  length  of  the  fuse  in  the  igniter. 

Delay-action  exploders  are  similar  in  principle  to  delay-action  igniters 
except  that  a  blasting  cap  is  securely  crimped  on  to  the  fuse  and  the 
exploder  waterproofed  by  the  manufacturer.  A  hole  is  left  through  the 
sulfur  plug  of  the  exploder  so  that  the  gases  from  the  burning  fuse  may 
escape.  This  hole  is  closed  by  a  shot  valve  and  a  waterproofing  com- 
pound, which  prevents  any  water  from  entering  until  the  interior  gas 
pressure  is  sufficient  to  keep  it  out. 

Electric  Squihs 

Electric  squibs  are  used  to  fire  blasting  powder.  They  resemble 
electric  blasting  caps  in  appearance  but  the  shell  is  made  of  pasteboard 
coated  with  a  waterproof  solution.  The  charge  is  a  pellet  of  specially 
compressed  powder,  which  is  protected  by  a  cork  placed  in  the  end  of  the 
squib;  this  cork  is  removed  before  the  squib  is  placed  in  the  charge  of 
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powder.  The  squib,  when  fired,  shoots  a  long  hot  flame  into  the  charge 
of  powder.  The  electric  squib  can  be  placed  in  the  center  of  the  charge, 
insuring  a  quick  and  strong  explosion,  with  less  smoke  than  when  an 
ordinary  squib  is  used. 

Blasting  Machines 

The  blasting  machine  commonly  used  in  the  United  States  in  recent 
years  is  a  small,  portable,  series-wound,  two-pole,  direct-current  generator. 
The  armature,  of  the  Siemens  type,  and  the  field  are  solid  iron.  A  long 
rack  with  a  handle  is  meshed  with  a  pinion  on  the  shaft  of  the  generator. 
The  external  circuit  is  connected  in  parallel  with  a  switch  that  short 
circuits  the  generator.  As  the  rack  bar  is  forced  downwards,  current 
flows  from  the  generator  and  is  short  circuited  by  this  switch;  at  the  end 
of  the  stroke,  the  switch  is  opened  by  the  rack,  and  the  current  is  forced, 
by  a  comparatively  high  voltage,  through  the  external  circuit. 

During  the  war,  blasting  machines  were  used  by  the  Ordnance  Depart- 
ment and  Engineers  Corps  of  the  army,  but  as  the  common  industrial  type 
did  not  meet  all  the  requirements  for  military  service,  the  Bureau  of 
Standards  was  asked  to  design  a  generator  of  approximately  the  same 
size  and  weight,  but  with  greater  capacity  and  reliability.  As  a  result, 
there  was  developed  a  portable  generator  capable  of  firing  100  electric 
blasting  caps  connected  in  series,  without  danger  of  failure.  The  weight 
of  this  machine  was  no  greater  than  that  of  the  earlier  type  rated  to  fire 
30  electric  blasting  caps.  Thousands  of  these  new  machines  were 
ordered  for  the  army  and  gave  satisfactory  results.  They  are  now 
replacing,  to  some  extent,  the  older  type  of  blasting  machine  on  indus- 
trial work. 

Some  interesting  information  was  obtained  by  the  Bureau  of  Stand- 
ards while  doing  this  work.  First,  the  current  required  to  fire  the  electric 
blasting  caps  and  the  time  between  the  application  of  the  current  and  the 
breaking  of  the  circuit  by  the  explosion  of  the  fastest  cap  were  determined. 
A  fine  copper  wire  was  tied  around  each  cap  to  be  tested  in  such  a  way 
that  it  would  be  broken  by  the  explosion  of  the  cap.  A  weak  electric 
current  passing  through  this  copper  wire,  as  well  as  the  actual  firing 
current  passing  through  the  bridge  wire  inside  the  electric  blasting  cap, 
were  recorded  on  an  oscillograph.  From  the  photographic  records  the 
instants  at  which  the  firing  circuit  was  closed,  at  which  the  fuse  wire  was 
melted  by  the  current,  at  which  the  outer  wire  was  broken  by  the  explo- 
sion of  the  cap  were  determined  to  0.0001  sec.  The  following  conclusions 
were  then  drawn : 

1.  Several  types  of  caps  tested  have  approximately  the  same  current- 
time  characteristics. 

2.  A  current  of  at  least  0.4  amp.  is  required  to  insure  certain  firing  of  a 
single  cap. 
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3.  With  small  currents,  the  explosion  occurs  before  the  resistance 
wire  is  fused  by  the  current. 

4.  With  large  currents  (above  3  amp.),  the  wire  is  fused  by  the  cur- 
rent before  the  explosion  occurs. 

5.  The  measurements  at  the  large  currents  indicate  a  fairly  constant 
time  interval  of  0.004  sec.  between  the  heating  of  the  wire  to  the  ignition 
point  and  the  explosion  of  the  charge. 

6.  With  currents  of  2  amp.  and  below,  the  maximum  variation  in  firing 
time  among  different  primers  is  greater  than  this  0.004  sec, ;  consequently, 
there  is  some  danger  that  the  circuit  may  be  interrupted  by  the  explosion 
of  the  quicker  caps  before  the  slower  ones  reach  ignition  temperature. 

7.  In  the  tests  with  three  caps  in  series,  all  three  caps  fired  in  all 
trials  at  1  amp.  or  above. 

The  conclusions  reached  from  these  tests  were  that  the  small  current 
(only  0.9  amp.)  dehvered  by  the  old-style  machines  explained  the  failures 
that  occurred  when  using  them.  The  blasting  machine  designed  by  the 
Bureau  of  Standards  delivers  1.5  amp.  at  300  volts  when  connected 
to  a  circuit  of  100  electric  blasting  caps  in  series,  and  the  current  is  corre- 
spondingly greater  when  fewer  caps  are  used.  With  the  new  machine, 
the  caps  are  fired  in  about  0.01  sec.  with  practical  certainty. 

Pocket-size  Blasting  Machines. — Small  blasting  machines  with  a 
capacity  of  from  one  to  five  electric  blasting  caps  are  very  convenient 
for  certain  w^ork.  A  small  blasting  machine  that  will  fire  five  electric 
blasting  caps  consists  of  a  permanent  magnet,  in  the  field  of  which  a 
coil  is  revolved  by  twisting  a  handle  that  is  detachable  from  the  machine. 
This  type  of  blasting  machine  is  particularly  well  suited  for  much  coal- 
mining work. 

Leading  and  Conneciirig  Wires 

Connecting  wires  are  used  to  join  the  wires  of  electric  blasting  caps 
when  they  are  not  long  enough  to  reach  adjoining  holes;  leading  wire 
is  used  for  completing  the  circuit  between  the  connected  blasting  caps 
and  the  source  of  current.  These  wires,  as  well  as  the  cap  wires,  may 
be  either  copper  or  iron.  Copper  leading  and  connecting  wires  are 
preferable  and  should  always  be  used  on  large  shots.  If  iron  wires  are 
used,  they  should  be  of  a  size  corresponding  to  the  resistance  of  the 
equivalent  length  of  copper  wire,  inasmuch  as  they  have  a  much  higher 
resistance  per  foot.  Insulated  copper  wire.  No.  20  or  No.  21  Brow^n  & 
Sharpe  gage,  is  suitable  for  connecting  wire;  No.  14,  Brown  &  Sharpe 
gage,  insulated  copper  wire  either  single  or  duplex  is  commonl}' 
used  for  leading  wire. 

Duplex  leading  wire  consists  of  two  insulated  copper  wires  with  an 
outside  insulation.  It  weighs  approximately  twice  as  much  as  the  same 
length  of  single  wire,  and  is  often  more  convenient  to  handle.     Where 
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the  leading  wire  is  apt  to  be  damaged  by  flying  rock,  however,  it  is  better 
to  avoid  duplex  wire.  Short  circuits  are  caused  by  damaged  paired  cables. 
The  insulation  makes  it  difficult  to  locate  such  short  circuits  in  duplex 
leading  wires;  it  is,  therefore,  simpler  and  better  to  use  instead,  two  sepa- 
rate well-insulated  wires  of  the  proper  diameter.  With  this  arrange- 
ment, the  chance  of  having  a  short  circuit  is  reduced  and  any  injury 
to  the  wires  more  readily  located.  It  is  better  to  suspend  leading  wires 
near  the  top  of  tunnels  or  drifts.  If  they  are  laid  on  the  floor,  moisture 
or  contact  with  rails  and  other  metallic  articles  may  cause  short  circuits. 

When  connecting  electric  blasting  cap  wires,  the  ends  of  the  bare 
wires  should  be  scraped  with  a  knife,  the  wires  joined  with  a  long  twist, 
and  twisted  together  tightly  to  keep  down  resistance  to  a  minimum. 
When  connecting  the  ends  of  the  electric  blasting  caps  or  the  connecting 
wire  to  the  main  leading  wires,  the  detonator  or  connecting  wire  should  be 
wrapped  tightly  around  the  end  of  the  leading  wire  about  1  in.  (25  mm.) 
from  the  end ;  then  the  end  of  the  leading  wire  bent  back  and  one  or  two 
turns  of  the  connecting  wire  made  around  the  loop. 

Bare  joints  in  the  circuit  should  be  protected  against  short  circuiting 
on  wet  work.  This  can  be  done  in  mines  by  supporting  the  wires  from 
the  roof,  or,  if  this  is  not  practicable,  by  laying  the  wires  on  stones  or 
sticks  on  the  ground.  An  additional  precaution,  when  the  wires  are  on 
the  ground,  is  to  wrap  all  joints  with  tape. 

Apparatus  for  Testing  Blasting  Circuits 

Each  electric  blasting  cap  should  be  tested  before  it  is  used;  it  is  also 
advisable  to  test  blasting  machines  occasionally  to  determine  their 
capacity.  Electric  blasting  caps  and  electrical  connections  are  tested 
with  galvanometers  and  ohmmeters;  blasting  machines  are  tested 
with  rheostats. 

Galvanometers 

A  type  of  galvanometer  commonly  used  by  blasters  is  illustrated  in 
Fig.  2.  The  cell  and  dial  with  a  movable  hand  are  contained  in  a  case  of 
metal  and  hard  rubber,  which  is  enclosed  in  a  leather  case  with  straps 
for  carrying  over  the  shoulder.  A  silver-chloride  dry  cell  is  used.  The 
current  passes  through  high-resistance  coils,  so  that  when  connection  is 
made  to  the  galvanometer  terminals  the  current  is  less  than  one-tenth  of 
that  required  to  fire  an  electric  blasting  cap.  When  the  galvanometer  is 
properly  used,  several  thousand  tests  can  be  obtained  from  one  cell. 
Replacing  an  exhausted  cell  is  a  simple  operation. 

To  test  an  electric  blasting  cap  or  a  blasting  circuit  the  wires  are 
placed  on  the  terminals  of  the  galvanometer  and  the  deflection  of  the 
needle  is  noted.  No  definite  figure  can  be  given  for  the  distance  the 
needle  will  deflect,  as  this  varies  with  the  age  of  the  cell.     The  blaster 
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soon  learns  the  deflection  to  expect  from  different  circuits.  As  the  cell 
is  used  it  constantly  grows  weaker,  which  causes  a  gradual  diminution 
in  the  deflection  of  the  needle  on  the  galvanometer.  When  one  electric 
blasting  cap  is  tested  with  a  new  cell  the  needle  should  deflect  almost 
completely  across  the  scale.  The  greater  the  number  of  caps,  the  longer 
the  wire  on  each  cap,  and  the  greater  the  length  of  connecting  and  lead 
wire  in  the  circuit,  the  greater  will  be  the  resistance  and,  consequently, 
the  less  will  be  the  deflection  of  the  needle.  After  some  practice,  the 
blaster  will  know  the  amount  of  deflection  to  expect  from  any  circuit 

that  he  tests.  If  the  needle  moves  too  far 
across  the  scale,  there  are  probably  short 
circuits  or  leaks;  if  it  does  not  move  far 
enough,  there  is  too  much  resistance  in  the 
line,  probably  caused  by  poor  connections;  if 
it  does  not  move  at  all,  the  circuit  is  broken. 
To  find  where  the  trouble  is,  the  galvanometer 
is  connected  with  different  sections  of  the 
circuit,  until  the  part  that  contains  the  poor 
connection,  short  circuit,  or  broken  wire  is 
found. 

One   method  of  doing  this  is  as  follows: 
Assume  a  series  connection  with  five  electric 
blasting    caps    in    which    the    galvanometer 
Fig.  2.— Internal  coNSTRuc-    test  at  the  blasting  machine  shows  that  the 
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Circuit  IS  broken.  Connect  the  galvanome- 
ter in  the  circuit,  using  the  leading  wire  and  the  first  blasting  cap.  If 
the  needle  deflection  shows  that  this  circuit  is  all  right,  include  the 
second  cap  in  the  circuit.  Continue  to  test,  adding  a  cap  each  time 
until  the  galvanometer  again  shows  a  broken  circuit;  the  trouble  is  then 
known  to  be  in  the  last  cap  or  connection  tested.  If  the  needle  does  not 
deflect  at  all,  the  cap  is  broken;  if  it  does  not  deflect  far  enough,  there  is 
too  high  resistance,  probably  caused  by  a  bad  connection;  if  it  moves 
too  far,  there  is  not  enough  resistance,  probably  because  of  a  leak  or  short 
circuit,  which  can  then  be  easily  fixed. 

Ohmmeters 

While  a  galvanometer  shows  the  condition  of  the  circuit,  it  does  not 
give  an  accurate  test  for  a  number  of  loaded  holes.  A  reading  is  obtained 
as  soon  as  the  current  from  the  cell  in  the  instrument  passes  through  the 
circuit.  This,  however,  is  not  a  sure  indication  that  the  current  is 
passing  through  the  wiring  and  the  caps  as  it  should,  because  part  of  it 
might  be  flowing  through  leaks  in  the  insulation,  grounds,  iron  supports, 
etc.,  and  does  not  reach  the  caps.  In  fact,  if  there  is  a  short  circuit,  the 
reading  will  be  better  than  usual. 
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For  testing  where  electric  blasting  caps  are  connected  in  series,  an 
ohmmeter  is  the  most  reliable  and  accurate  instrument.  Ohmmeters 
can  be  obtained,  mounted  in  a  small  portable  case.  They  consist  essen- 
tially of  a  slide- wire  Wheatstone  bridge,  with  the  scale  divided  to  read 
either  in  ohms  or  in  per  cent,  of  a  fixed  resistance  value.  One  model, 
made  by  a  well-known  manufacturer,  has  a  galvanometer  mounted  in  the 
rubber  plate,  and  battery  and  galvanometer  keys  are  provided. 

To  show  how  trouble  is  detected  with  the  ohmmeter,  assume  that  in 
a  series  connection  the  resistance  of  the  leading  wires  in  the  circuit,  either 
calculated  or  determined  by  testing  with  the  ohmmeter,  is  6.4  ohms; 
the  resistance  of  the  electric  blasting  caps  is  1.5  ohms  each;  and  that 
there  are  20  caps  connected  in  series.  The  total  resistance  of  the  circuit 
is  then  36.4  ohms.  If  the  ohmmeter  does  not  show  approximately  this 
figure  there  is  trouble  somewhere  in  the  circuit.  This  may  be  analyzed 
as  follows: 

1.  A  reading  greater  than  36.4  ohms  indicates  poor  connections  in 
the  circuit. 

2.  A  reading  less  than  36.4  ohms  indicates  that  some  of  the  caps 
have  been  omitted  from  the  circuit  or  the  circuit  is  not  properly 
connected  up. 

3.  A  reading  about  6.4  ohms  indicates  a  short  circuit  in  the  leading 
wires,  with  no  current  passing  through  the  caps. 

4.  A  reading  about  3.2  ohms  indicates  a  short  circuit  in  the  leading 
wires  with  current  passing  through  about  only  one-half  of  the  total 
length  of  the  leading  wires  and  through  none  of  the  caps. 

By  this  method,  trouble  is  detected  at  once  and  the  source  quickly 
discovered,  but  these  tests  hold  good  only  with  series  connections.  The 
ohmmeter  can  b6  used  for  testing  each  series  separately  in  a  series-parallel 
or  parallel-series  connection,  but  is  not  sufficiently  delicate  for  a  straight 
parallel  connection,  where  the  resistance  is  decreased  a  slight  amount  by 
each  additional  cap  added  to  the  circuit. 

Rheostats 

Rheostats  used  for  testing  blasting  machines  consist  of  coils  of  high- 
resistance  wire  connected  to  six  binding  posts.  The  resistance  of  the 
entire  length  of  wire  is  sufficient  to  test  100  electric  blasting  caps  with 
30-ft.  (9-m.)  wires,  with  a  sufficient  factor  of  safety  to  allow  for  the  leading 
and  connecting  wire  in  the  circuit.  Between  adjacent  binding  posts 
there  is  connected  wire  with  a  greater  resistance  than  the  number  of 
electric  blasting  caps  stamped  on  the  instrument  between  the  posts. 

If  it  is  desired  to  determine  whether  a  blasting  machine  will  fire  40 
caps,  let  us  saj^  one  post  of  the  blasting  machine  is  connected  to  the 
binding  post  on  the  left  of  the  figure  40  on  the  rheostat;  one  wire  from 
an  electric  blasting  cap  is  then  connected  to  the  post  on  the  right  of  the 
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figure  40  and  the  other  wire  from  the  blasting  cap  is  connected  to  the 
second  post  of  the  blasting  machine.  Sufficient  leading  and  connecting 
wire  should  be  used  to  permit  the  operator  to  be  a  safe  distance  from  the 
cap  when  it  is  fired  by  pushing  down  the  rack  of  the  blasting  machine.  If 
the  cap  does  not  fire,  it  is  not  safe  to  use  the  blasting  machine  to  fire  40 
blasting  caps.  A  blasting  machine  can  be  tested  for  various  numbers  of 
caps  by  making  connections  to  the  posts  on  either  side  of  the  number 
used.  To  test  for  35  blasting  caps,  connections  are  made  to  the  first 
and  fourth  posts,  the  total  resistance  of  which  is  5  +  10  +  20  =  35. 
The  resistance  between  posts  one  and  six  is  equivalent  to  the  sum  of  all 
the  numbers  included  betw^een  them,  or  100  blasting  caps. 

Calibrating  Galvanometers 

A  galvanometer  can  be  calibrated  by  testing  with  a  rheostat;  the 
resistances  between  the  various  posts  of  the  rheostat  are  obtained  from 
the  manufacturer.  The  galvanometer  is  connected  between  posts  1 
and  2,  1  and  3,  1  and  4,  1  and  5  of  the  rheostat;  then  by  comparing  the 
galvanometer  readings  with  the  known  resistances  between  the  posts  of 
the  rheostat,  the  complete  scale  of  the  galvanometer  can  be  caUbrated,  in 
ohms.  It  is  necessary  to  recalibrate  the  instrument  from  time  to  time  as 
the  cell  grows  weaker.  A  fairly  close  check  is  obtained  with  the  cali- 
brated galvanometer  by  comparing  the  total  resistance  of  the  electric 
blasting  caps,  leading  and  connecting  wire  in  a  circuit  with  the  reading 
obtained  on  the  galvanometer. 

Limitations  of  Plate  Test 

Little  dependence  can  be  placed  upon  the  plate  test  sometimes  used 
for  testing  blasting  caps  and  electric  blasting  caps.  In  this  test,  the  cap 
is  exploded  with  its  bottom  or  side  in  contact  with  an  aluminum  or  lead 
plate;  the  strength  and  condition  of  the  cap  is  then  judged  from  the 
resulting  appearance  of  the  plate.  There  are  a  number  of  reasons  why 
this  test  is  not  a  reliable  one.  The  indentation  in  the  base  of  the  cap,  if 
any,  the  diameter  of  the  cap,  the  nature  of  the  charge  and  of  the  metal 
cyhnder  that  contains  it,  the  moisture  in  the  charge  and  other  variable 
factors  all  have  an  effect  on  the  plate  test.  This  test  is  useful  only  for 
detecting  caps  that  have  become  defective  and  for  testing  certain  deto- 
nators of  the  same  grade,  strength,  and  manufacture. 

Connections  for  Electrical  Firing 

Series  Connection 

When  the  caps  are  connected  in  straight  series,  the  current  flows 
from  one  cap  to  the  next,  and  so  on  through  all  the  caps.  If  one  cap 
should  fire  an  appreciable  length  of  time  before  the  others,  the  circuit  is 
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broken  and  the  other  caps  will  probably  not  fire.  For  this  reason  the 
series  connection  is  the  least  desirable,  but  it  must  be  used  when  firing 
with  a  blasting  machine  because  the  current  generated  by  these  machines 
is  of  short  duration  and  not  sufficient  to  fire  a  group  of  caps  connected 
in  other  ways.  A  current  of  at  least  1.5  amp.  should  be  used,  regard- 
less of  the  number  of  caps  in  series,  to  assure  a  sufficiently  large  factor 
of  safety.  The  resistance  of  each  cap  used  can  be  obtained  from  the 
manufacturer,  and  the  required  voltage  figured  by  Ohm's  law  (volts  = 
current  X  resistance),  using  1.5  amp.  for  current. 

To  illustrate  the  calculations  for  a  series  connection  suppose  that  it  is 
desired  to  know  what  power  is  required  to  fire  25  No.  8  electric  blasting 
caps  with  6-ft.  (1.8  m.)  iron  wires,  with  the  source  of  power  1000  ft. 
(305  m.)  from  the  shot,  assuming  that  the  cap  wires  can  be  connected 
to  one  another  without  using  connecting  wire.  The  current  for  straight 
series  connection  is  1.5  amp.  As  the  resistance  of  each  cap  is  1.343  ohms, 
the  resistance  of  all  the  caps  is  25  X  1.343  =  33.57  ohms.  The  resis- 
tance of  No.  14  copper  lead  wire  is  2.525  ohms  per  1000  ft.  Lead  wire 
resistance  is  2  X  2.525  =  5.05  ohms.  The  total  resistance  of  the  circuit 
is  33.57  -1-  5.05  =  38.62  ohms.  The  required  voltage  (by  Ohm's  law) 
is  1.5  X  38.62  =  57.93  volts. 

In  large  shots  connected  in  series,  the  whole  circuit  can  be  tested 
with  an  ohmmeter  before  firing.  The  theoretical  resistance  can  be 
accurately  figured  from  the  known  resistances  of  the  leading  wire,  con- 
necting wire,  and  blasting  caps;  which  should  check  up  fairly  closely  with 
the  reading  on  the  ohmmeter.  Series  connections  can  also  be  tested 
with  a  galvanometer;  this  is  not  as  accurate  or  reliable  a  test  as  that 
obtained  with  an  ohmmeter,  but  it  usually  enables  the  blaster  to  detect 
and  locate  short  circuits,  broken  wires  or  poor  connections. 

Parallel  Connection 

The  parallel  connection  is  the  best  and  should  be  used  wherever 
convenient  and  possible.  In  this  connection,  each  cap  is  independent  of 
all  others  and  one  defective  cap  cannot  affect  the  action  of  the  other  caps 
in  the  group.  Each  cap  is  connected  across  the  two  lead  wires,  and  differ- 
ences in  resistance  of  the  caps  do  not  affect  the  result,  because  with  a 
sufficiently  strong  current  every  cap  detonates,  no  matter  what  its  resis- 
tance may  be.  This  connection  cannot  be  used  when  firing  with  a 
blasting  machine,  because  more  current  is  required  than  the  machine  can 
furnish.  Neither  can  the  entire  circuit  be  accurately  tested  with  an 
ohmmeter  or  a  galvanometer,  as  can  the  series  connection.  About 
0.75  amp.  per  cap  is  a  safe  figure  for  the  current  required  with  the  straight 
parallel  connection.  With  a  large  number  of  caps,  the  amperage  required 
is  relatively  high  so  that  this  arrangement  can  be  used  only  with  a  com- 
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paratively  high  current  supply,  but  the  straight  parallel  connection 
reduces  the  probabihty  of  misiSres  to  the  minimum. 

The  voltage  required  is  figured  by  Ohm's  law  as  in  the  series  connec- 
tion; the  following  problem  illustrates  the  method  of  making  the  calcu- 
lations: What  power  is  required  to  fire  50  No.  8  electric  blasting  caps 
with  6-ft.  copper  wires,  when  2000  ft.  of  No.  14  copper  leading  wire  is 
required  from  the  shot  to  the  source  of  power  and  No.  20  copper  line 
wire  is  used  along  the  shot,  with  the  holes  spaced  4  ft.  apart  in  a  single 
fine,  as  in  blasting  a  ditch?  The  current  required  is  0.75  X  50  =  37.5 
amp.     The  resistance  of  one  cap  is  1.343  ohms;  therefore,  the  resistance 

1  343 

of  the  50  caps  in  parallel  is  ^^n"  =  0.027  ohm,  which  is  practically 

negligible.  The  resistance  of  2000  ft.  of  No.  14  wire  used  for  leads  is 
5.05  ohms.  With  the  50  caps  spaced  4  ft.  apart,  the  distance  covered 
by  the  shot  is  200  ft.  Therefore,  2  X  200  =  400  ft.  of,  say  No.  20 
copper  connecting  wire  is  necessary  for  connecting  the  shot.  The  cur- 
rent in  passing  through  this  connection  diminishes  from  full  strength  at 
one  end  to  practically  zero  at  the  other.  Therefore,  we  can  approximate 
the  amount  of  voltage  required  by  using  one-half  of  the  resistance  of  the 
total  wire  in  the  fine,  viz.,  of  200  ft.  of  No.  20  copper  wire  which  is  0.2  X 
10.15  =  2.03  ohms.  The  total  resistance  of  the  circuit  is  0.027  +  2.03 
-1-5.05  =  7.1  ohms.  The  required  voltage  =  37.5  X  7.1  =  266.25; 
approximately  270  volts. 

Parallel-series  Connection 

The  parallel-series  connection,  shown  in  Fig.  3,  is  better  than  the 
straight  series  connection,  because  it  reduces  the  number  of  caps  con- 
nected in  straight  series,  and  thereby  reduces  the  chance  of  the  circuit 
being  broken  by  a  more  sensitive  cap  firing  in  advance  of  the  others.  The 
more  closely  this  connection  can  be  made  to  approach  the  straight  parallel, 
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Fig.  3. — Parallel-series  connection. 

the  better.  This  is  done  by  connecting  as  many  groups  of  caps  in  parallel 
as  the  available  current  will  permit.  We  recommend  having  2  amp. 
per  series  and  as  many  series  as  possible. 

In  the  problem  assumed  in  Fig.  3,  there  are  12  amp.  and  110  volts 
at  the  generator.  There  are  48  holes  to  be  fired  approximately  5  ft. 
apart,  in  round  numbers  requiring  about  300  ft.  of  connecting  wire. 
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The  generator  is  300  ft.  from  the  shot  so  that  600  ft.  of  No.  16  copper 
leading  wire  is  necessary;  combining  this  with  the  300  ft.  along  the  shot 
makes  a  total  of  900  ft.  of  copper  wire.  The  resistance  of  1000  ft.  of  No. 
16  copper  wire  is  4  ohms;  the  resistance  of  900  ft.  is  4  X  0.9  =  3.6  ohms, 
the  resistance  of  the  leads.  The  drop  in  voltage  would  equal  12  amp.  X 
3.6  ohms.  =  43  volts  approximately.  The  voltage  at  the  shot  would 
be  110  volts  —  43  volts  =  67  volts.  In  order  to  put  the  12  amp,  through 
the  shot  with  67  volts,  we  can  have  a  maximum  resistance  of  67  -^  12  = 
5.6  ohms  approximately.  This  means  that  the  resistance  of  the  48  electric 
blasting  caps  and  the  wire  to  which  they  are  connected  shall  not  exceed  5. 6 
ohms.  Each  10-ft.  copper-wire  electric  blasting  cap  has  a  resistance  of  1.2 
ohms.  There  are  six  series  of  eight  caps  each.  As  the  resistance  of  each 
series  is  8  X  1.2  =  9.6  ohms,  the  combined  resistance  of  the  caps  in  six 
series  connected  in  parallel  is  9.6  -^  6  =  1.6  ohms.  We  are  allowed  5.6 
so  that  there  are  5.6  —  1.6  =  4.0  ohms  left  for  the  connecting  wire. 
We  must  choose  a  wire  300  ft.  long,  the  resistance  of  which  will  not 
exceed  4  ohms.  From  a  table  of  resistances,  we  find  the  nearest  to  be  No. 
21  wire. 

With  this  connection,  it  is  desirable  to  have  approximately  the  same 
resistance  in  each  series.  Consequently,  approximately  the  same 
number  of  caps  with  wires  of  equal  length  should  be  used  in  each  series; 
this  number  should  not  vary  more  than  one  cap.  The  lead  wires  should 
be  connected  so  that  they  will  cross  opposite  ends  of  the  shot,  as  shown, 
otherwise  the  series  farthest  from  the  shot  might  not  receive  sufficient 
current.  This  system  is  open  to  the  same  objection  as  the  straight 
series,  but  as  there  are  fewer  caps  per  series,  there  is  less  possibility  of 
misfires.  It  is  a  simple  connection  to  make  and  works  successfully 
in  practice. 

Series-parallel  Connection 

The  series-parallel  connection  is  next  best  to  the  straight  parallel 
connection.     This  system,   shown  in  Fig,  4,   approaches  the  parallel 
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Fig.  4. — Series-parallbl  connection. 


connection  in  having  each  cap  connected  to  the  line  separately,  independ- 
ent of  other  caps.  The  different  groups  of  caps  are  connected  in  series 
in  the  firing  circuit.  A  current  of  1.5  amp,  for  each  cap  in  a  group  is 
recommended;  that  is  to  say,  if  eight  is  the  maximum  number  of  caps  in 
any  group  the  minimum  current  to  figure  on  is  12  amperes. 
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In  a  problem  similar  to  that  just  given,  the  lead  wires  should  be 
connected  to  opposite  ends  of  the  shot  as  in  the  parallel,  and  always  to 
the  shortest  leg.  Again,  900  ft.  of  lead  wire  is  required,  and  the  drop 
in  the  line  is  43  volts,  leaving  67  volts  at  the  shot,  with  a  current  of  12 
amp.  The  maximum  resistance  allowable  in  the  caps  and  connecting 
wire  is  67  -^  12  =  5.6  ohms.  With  a  current  of  12  amp.  available  and 
1.5  amp.  figured  for  each  cap  in  parallel,  there  can  be  12  -^  1.5  =  8  caps 
in  parallel  in  one  group;  for  the  48  caps,  six  groups  are  required.  The 
resistance  of  one  cap  with  10  ft.  of  copper  wires  is  1.2  ohms;  the  resistance 
of  each  group,  therefore,  is  1.2  -r-  8  =  0.15  ohm.  For  the  six  groups, 
the  resistance  is  6  X  0.15  =  0.9  ohm.  This  leaves  5.6  —  0.9  =  4.7 
ohms  for  the  wires  along  the  shot  to  which  the  cap  wires  are  attached. 
We  have  assumed  that  two  wires  each  300  ft.  long  are  used.  For  all 
practical  purposes,  we  can  figure  on  one  length  of  line  wire,  viz.,  300  ft., 
with  a  resistance  of  not  over  4.7  ohms.  From  a  table.  No.  21  copper 
wire  is  found  to  be  the  nearest  to  this. 

We  have  determined,  therefore,  that  with  110  volts  and  12  amp.  at 
the  source  of  power,  not  over  900  ft.  of  No.  16  or  larger  copper  leading 
wire,  and  not  over  two  lengths  of  300  ft.  each  of  No.  21  or  larger  connect- 
ing wire  along  the  shot,  six  groups  of  caps  in  series,  each  group  consisting 
of  eight  caps  in  parallel,  can  be  fired.  There  is  large  enough  a 
factor  of  safety  in  these  calculations  to  permit  firing  a  few  more  caps, 
but  it  would  be  better  not  to  do  so.  It  is  advisable  to  have  the  same 
numbers  of  caps  in  each  series,  but  if  necessary  the  number  may  be 
varied  by  not  more  than  one.  Always  have  the  smallest  number  of 
groups  in  series  and  the  greatest  number  of  caps  per  group  in  parallel 
that  can  be  arranged ;  in  other  words,  make  it  as  near  a  straight  parallel 
connection  as  can  be  done  with  the  current  available. 

Firing  from  Power  Circuits 

Direct  current  is  preferable  for  electric  shot-firing  and  should  be  used 
wherever  available.  No  varying  factors  are  introduced,  and  the  current, 
voltage,  or  resistance  computed  by  Ohm's  law  can  always  be  relied  on, 
if  the  shot  is  properly  connected. 

Alternating  current  can  be  used,  but  its  use  is  apt  to  complicate  the 
calculations  in  making  connections.  Currents  less  than  25  cycles  should 
not  be  used,  and  a  60-cycle  current  is  preferable  for  0.014  sec.  is  required 
to  fire  an  electric  blasting  cap,  and  it  is  impossible  to  make  each  cap 
absolutely  uniform.  The  heating  and  cooling  of  the  bridge  wire  produced 
by  the  slower  alternations  may  cause  some  cap  to  fire  in  advance  of  the 
others,  thus  decreasing  the  effectiveness  of  the  shot  and  causing 
misfires  with  series  connections.  Other  factors  introduced  are  the 
various  phases  of  different  generators  and  the  inductive  resistances  of 
motors,  when  these  are  included  in  the  load.     If,  at  the  time  of  the  blast 
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everything  were  shut  off  between  the  generator  and  the  shot,  these 
compHcations  would  not  arise;  but  on  large  operations  usually  it 
is  not  practicable  to  do  this. 

Misfires  with  alternating  current  might  be  caused  by  a  drain  on  the 
power  line  to  supply  other  purposes  so  that  insufficient  current  is  left  to 
fire  the  shot.  To  prevent  this,  the  available  voltage  and  amperage 
should  be  measured  at  the  point  where  the  lead  wires  from  the  shot 
connect  to  the  power  line;  Ohm's  law  can  then  be  applied,  as  there  is  no 
inductive  resistance  in  the  shot  itself.  Care  should  be  taken  that  when 
the  shot  is  fired  the  load  on  the  power  line  is  no  greater  than  at  the  time 
the  readings  were  taken.  This  difficulty  may  be  eliminated  by  shutting 
off  all  loads  on  the  line  other  than  the  shot  at  the  time  of  firing,  but  it  is 
not  always  practicable  to  do  this. 

Another  cause  for  misfires,  which  may  also  occur  when  firing  with 
direct  current,  is  unknown  and  unanticipated  resistance  from  poor 
connections  or  other  causes,  thus  reducing  the  voltage.  In  one  instance 
a  poor  connection  introduced  an  unanticipated  resistance  of  about  200 
ohms,  which  however  was  detected  and  located  with  a  galvanometer 
before  it  was  attempted  to  fire  the  shot.  Unexpected  resistances  may  be 
caused  by  poor  connections,  dirty  or  loose  switch  contacts,  or  by  short 
circuits  from  grounded  lead  wires,  which,  without  care,  is  likely  to  occur 
on  rainy  days.  An  excellent  precaution  is  to  have  a  voltmeter  across 
the  line  at  the  switch  to  check  the  voltage  just  before  firing.  Defective 
caps,  another  possible  cause  of  misfires,  may  be  detected  by  testing  with 
a  galvanometer  before  the  primer  cartridges  are  prepared. 

Voltages  higher  than  necessary  should  be  avoided  particularly  in 
gaseous  and  dusty  coal  mines;  sparking,  caused  by  high  voltage,  may 
result  in  fires  or  explosions.  Some  instances  have  been  reported  where 
the  leading  wires  fused  before  the  caps  fired.  Unless  necessary  to  per- 
form the  work,  it  is  better  not  to  use  over  250  volts  for  electric  shot-firing 
in  coal  mines. 

Electric  Shot-firing  in  Underground  Metal  Mining 

There  are  many  advantages  of  shot-firing  by  electricity  in  under- 
ground metal  mining.  The  fumes  from  burning  fuse  are  eliminated; 
where  large  rounds  are  fired  in  poorly  ventilated  places  this  improves 
working  conditions  considerably.  Misfires,  caused  by  flying  rock  cutting 
off  the  fuse  from  other  holes  in  the  round,  are  avoided.  In  wet  holes, 
misfires  are  often  caused  by  water  penetrating  the  fuse  and  damaging  the 
powder  or  leaking  into  the  cap;  electric  shot-firing  eliminates  this  cause 
of  misfires.  Electric  blasting  caps  not  only  resist  water  in  wet  holes 
but,  because  they  are  sealed,  when  stored  in  damp  places  they  do  not 
deteriorate  as  rapidly  as  open  blasting  caps.  With  electric  shot-firing, 
all  of  the  cut  holes  can  be  fired  simultaneously  and  the  remaining  holes 
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fired  in  tlic  exact  rotation  desired;  this  is  a  great  advantage  in  pulling  a 
tunnel  or  drift  round.  After  the  round  is  fired  electrically,  the  men  can 
return  to  the  shot  without  delay,  where  there  is  good  ventilation;  whereas, 
to  avoid  possibly  injury  from  hang  fires  where  fuse  is  used,  it  is  safest  not 
to  return  to  the  shot  for  a  considerable  length  of  time,  unless  all  of  the 
holes  are  counted  as  they  fire. 

Electric  shot-firing  is  particularly  well  adapted  for  most  shaft  sink- 
ing. Lighting  a  round  of  holes  in  a  shaft  is  no  child's  play,  even  under 
the  most  favorable  conditions.  Seconds  are  apt  to  seem  like  minutes 
and  it  is  only  natural  that  the  shot  firers  should  try  to  give  the  signal 
for  hoisting  them  out  of  the  shaft  in  as  short  a  time  as  possible.  If  the 
fuse  gets  wet  on  the  end,  if  the  lights  are  extinguished  by  water  dripping 
down  the  shaft,  or  if  anything  else  unforeseen  occurs  to  cause  delay, 
misfires  usually  occur.  When  shots  are  fired  electrically ,^  there  is  ample 
time  to  make  all  connections  properly  and  to  take  every  possible  pre- 
caution against  misfires.  The  men  are  relieved  from  mental  strain, 
because  they  know  they  can  take  all  the  time  they  need  and  still  be  in 
a  safe  place  before  the  round  is  fired. 

In  stoping,  it  is  possible  to  break  the  rock  finer  by  shooting  a  number 
of  holes  simultaneously  with  electric  blasting  caps  than  when  the  holes 
fire  one  at  a  time;  crushing  expense  can  often  be  reduced  in  this  way. 
In  timbered  stopes,  there  is  a  danger  from  fire  resulting  from  burning  fuse 
touching  the  timbers.  One  fire  thought  to  have  been  thus  started 
necessitated  flooding  one  of  the  country's  largest  mines  and  pumping  it 
dry  again  when  the  fire  was  extinguished.  Wiring  stopes  for  electric  shot- 
firing  involves  some  extra  effort,  which  is  often  the  reason  why  it  is  not 
used.  There  are  conditions,  however,  such  as  those  just  mentioned,  that 
make  it  advisable  to  fire  electrically  in  stopes,  in  spite  of  any  incon- 
venience in  installation. 

"Electric  shot-firing  is  preventing- waste  and  reducing  costs  at  a 
number  of  large  tunneling  operations.  On  the  Hetch  Hetchy  water 
supply  project  in  California,  two  bare  copper  bus  wires  supported  by 
wooden  plugs  protruding  from  drill  holes  on  each  side,  are  stretched 
across  the  face  of  the  tunnel.  All  of  the  electric  blasting  caps  are 
connected  in  parallel  to  these  bus  wires;  one  wire  from  each  cap  is 
connected  to  one  of  the  buses,  the  other  cap  wire  to  the  other  bus.  The 
wires  of  the  delay-action  exploders  are  of  different  color  so  that  they 
can  be  easily  distinguished  in  the  dim  light  of  the  tunnel.  After  all  of 
the  caps  are  connected,  the  shift  boss  readily  checks  up  the  connections 
by  counting  the  number  of  wires  connected  to  each  bus.  If  aU  of  the 
wires  going  to  each  bus  are  of  like  color,  and  if  the  number  of  wires  con- 
nected to  each  bus  is  the  same  as  the  total  number  of  holes  in  the  round, 
the  connections  are  properly  made.  Special  delay-action  exploders  are 
used  on  this  work,  giving  about  double  the  standard  interval  of  time 
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between  shots.  After  the  caps  are  correctly  connected  to  the  buses, 
two  spools  of  connecting  wire  on  reels  are  used  to  connect  the  bus  wires 
with  the  main  leads.  Shots  are  fired  from  a  safety  switch,  the  cover  of 
which  cannot  be  closed  until  the  switch  is  opened.  From  the  switch  to  a 
point  about  50  ft.  from  the  face,  the  lead  wires  are  carried  on  insulators 
on  the  opposite  side  of  the  tunnel  from  other  electric  wires;  this  is  to  avoid 
induced  currents  or  short  circuits.  This  system  of  electric  firing  helped 
to  establish  excellent  progress  records.  A  notable  example  is  the  advance 
of  776  ft.  (236.5  m.)  made  in  one  month  at  the  Priest  tunnel.^" 

Electric  Firing  in  Coal  Mining 

The  United  States  Bureau  of  Mines  has  for  years  recommended 
electric  shot-firing  because  of  its  greater  safety.  Open  lights  for  light- 
ing fuse  and  the  flame  from  the  burning  fuse  powder  are  dangerous  in 
gaseous  and  dusty  mines.  In  a  western  coal  mine  in  which,  a  few 
months  before,  a  disastrous  explosion  had  occurred,  the  shot-firing  was 
done  at  night  after  the  men  had  left  the  mine,  the  shot-firers  being 
equipped  with  permissible  electric  lamps  and  Davy  safety  lamps  for 
testing  for  gas.  Fuse  and  caps  were  used  for  firing,  however,  and  in 
each  room  the  shot-firer  struck  matches  to  light  a  short  piece  of  fuse, 
which  acted  as  a  "spitter"  for  lighting  the  shots.  The  flame  from  this 
spitter  and  the  initial  spit  from  the  fuses  were  sujficient  to  ignite  gas 
in  the  workings;  the  safety-lamp  precautions,  under  these  circumstances, 
therefore,  were  a  farce.  The  use  of  matches  and  the  flame  from  the 
burning  fuse  powder  could  have  been  easily  eliminated  by  electric 
shot-firing.  The  only  objection  was  the  shot-firers'  reluctance  to  change 
methods  to  which  they  had  become  accustomed,  and  their  opposition 
to  carrying  a  blasting  machine  through  the  mine.  Even  when 
told  of  the  simplicity  of  electric  shot-firing  and  of  the  light  blasting 
machines,  less  inconvenient  to  carry  than  the  fuse  and  loose  blasting 
caps  they  carried,  the  attitude  of  the  shot-firers  did  not  change.  The  objec- 
tion of  some  workmen  to  a  change  of  method,  even  though  it  reduces  the 
hazard  of  their  occupation  can,  of  course,  be  overcome  by  the  manage- 
ment taking  a  firm  stand;  after  the  change  has  been  made  to  electrical 
firing,  the  shot-firer  is  often  its  strongest  advocate. 

One  of  the  most  dangerous  practices  in  coal  mining  is  the  use  of 
"short  fuses,"  sometimes  not  over  6  in.  in  length.  At  mines  where  the 
miners  load  and  fire  their  own  shots,  even  the  utmost  effort  to  eliminate 
firing  with  short  fuses  is  unavailing  as  long  as  miners  are  permitted  to  fire 
with  fuse.  A  sure  way  to  eliminate  this  dangerous  practice  is  to  adopt 
electric  shot-firing. 

»  N.  S.  Greensf elder:  "Eliminating  Waste  in  Blasting."  Wilmington,  Del.,  1922. 
Hercules  Powder  Co. 


232 


SHOT-FIRING   BY   ELECTRICITY 


In  some  anthracite  mines,  a  considerable  saving  in  the  time  required 
for  firing  the  holes  in  a  room  is  being  made  with  delay-action  electric 
blasting  caps.  Kynor*  says  that  with  delay  electric  blasting  caps  the 
time  for  firing  the  holes  in  an  ordinary  chamber  face  was  reduced  70  per 
cent.  A  typical  round  of  holes  in  the  face  of  a  room  at  this  mine  is 
illustrated  in  Fig.  5.  The  cut  holes  A  are  first  fired  with  instantaneous 
electric  blasting  caps.  Then  holes  B,  C,  D,  and  E  are  charged,  primed 
with  delay-action  electric  blasting  caps,  which  allow  an  interval  of  6  sec. 


y/^^^>>;^?;^^ 


Elevation  of  Face 


^/Asmv^jW 


Fig.  5. — Arrangement  of  drill  holes  for  electric  shot-firing  when  using 
jackhamer  and  mechanical  loading  at  an  anthracite  mine. 

between  shots,  and  fired  with  one  stroke  of  the  blasting  machine.  The 
caps  in  holes  B  detonate  first  and  are  followed  at  6-sec.  intervals  by 
holes  C,  D,  and  E,  respectively.  Formerly  it  was  necessary  for  the 
miner  to  go  back  into  the  smoke  after  firing  every  hole  or  set  of  two  holes 
separately;  now  it  is  necessary  for  him  to  return  into  the  smoke  only 
once.  Delay-action  electric  blasting  caps  are  reducing  costs  at  other 
anthracite  and  some  bituminous  coal  mines. 

Inside  Firing  Systems 

Shot-firing  inside  the  mine  can  be  accomplished  both  from  power 
circuits  and  by  a  blasting  machine.  Either  system  is  safer  than  firing 
with  fuse,  in  gaseous  or  dusty  mines,  but  does  not  safeguard  the  lives  of 


*  Herbert  D.  Kynor:  Mechanical  Mining  of  Anthracite.     Trans.  (1921)  66,  345. 
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the  men  as  completely  as  do  outside  firing  systems.  Midget  blasting 
machines,  weighing  less  than  5  lb.  (2.3  kg.)  and  capable  of  firing  five 
electric  blasting  caps,  are  the  most  convenient  for  shot-firers  to  carry. 
They  can  be  carried  strapped  over  the  shoulder  or  placed  in  a  coat  pocket. 
The  following  systems  of  shot  firing  are  used  to  meet  various  local 
conditions;  electric  shot-firing  can  be  used  in  any  of  them. 

1.  The  holes  are  drilled  by  miners,  who  carry  the  explosives  and 
caps;  they  load  the  holes  and  fire  them  either  during  or  after  the  regular 
working  hours. 

2.  The  holes  are  drilled  by  miners  and  loaded  under  the  direction  of 
shot-firers,  who  fire  the  holes  either  during  or  after  regular  working  hours. 

3.  The  miners  take  their  own  powder  and  caps  into  the  mine  and 
drill  and  load  the  holes;  all  holes  are  fired  by  special  shot-firers  after  the 
miners  have  left  the  mine. 

4.  The  miners  take  the  powder  into  the  mine  but  do  not  carry  caps. 
After  the  holes  are  drilled,  they  are  loaded  by  shot-firers,  either  alone  or 
with  the  assistance  of  the  miners;  the  shot-firers  carry  the  caps  and  do  all 
the  firing  after  the  miners  have  left  the  mine. 

5.  The  shot-firers  handle  both  powder  and  caps.  The  miners  drill 
the  holes  but  the  loading  and  firing  are  done  by  shot-firers,  usually  after 
all  other  men  have  left  the  mine. 

Increased  safety  and  eflficiency  are  usually  obtained  where  the  holes 
are  loaded  and  fired  by  specially  trained  shot-firers  after  all  others  have 
left  the  mine. 

Outside  Firing  Systems 

Outside  firing  systems  are  those  in  which  power  derived  from  a  source 
outside  of  the  mine  is  turned  on  at  the  surface  after  every  one  has  left 
the  mine.  In  the  best-designed  systems,  switches  are  placed  near  the 
entrance  of  rooms  and  entries  and  near  the  point  underground  where  the 
power-circuit  enters  the  mine.  There  should  also  be  provision  at  this 
point  for  breaking  the  circuit  when  men  are  in  the  mine,  to  guard  against 
possible  firing  by  discharges  of  lightning.  With  this  arrangement  of 
switches,  the  circuit  can  be  closed  step  by  step  from  the  working  place  to 
the  entrance  of  the  mine.  Adequate  precautions  are  thereby  provided 
against  the  firing  of  shots  by  stray  currents,  lightning,  or  accidental 
connection  of  the  generator  to  the  line.  A  system  of  wiring  for  an  outside 
firing  system  used  at  a  western  coal  mine  is  shown  in  Fig.  6. 

Essential  Features  of  Outside  Shot-firing  Systems 

Recommendations  for  outside  shot  firing  systems  are  summarized  by 
the  Bureau  of  Mines  as  follows:^ 

» H.  H.  Clark,  N.  V.  Breth,  and  C.  M.  Means:  Shot-firing  in  Coal  Mines  by  Elec- 
tricity Controlled  from  the  Outside.    U.  S.  Bureau  of  Mines,  Tech.  Paper  108. 
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A  sure  method  of  checking  men  in  and  out  of  the  mine  should  be  used; 
any  system  based  on  memory  is  not  as  safe  as  one  that  gives  visible 
evidence  of  the  number  of  men  underground. 

The  source  of  power  should  have  a  momentary  capacity  of  not  less 
than  30  kw.  for  a  mine  of  average  size;  it  may  supply  either  alternating 
or  direct  current. 

Where  a  large  number  of  electric  blasting  caps  are  spread  over  a 
great  distance,  larger  voltages  may  be  necessary;  but  where  sufficient  for 
firing,  250  volts  are  recommended. 


^Sketch  of  Locked  Sw'ifch 


;Fig.  6. 


-Diagram  of  wiring  for  outside  firing  system  used  at  a 
western  coal  mine. 


The  shot-firing  panel  should  be  well  mounted  and  housed  and  provided 
with  two  single-pole  circuit  breakers,  a  double-pole  switch,  and  an 
ammeter;  there  should  also  be  a  switch  for  disconnecting  the  panel  from 
the  source  of  power. 

All  shot-firing  conductors  should  be  insulated  and  all  parts  of  the 
circuit  supported  on  insulators;  dry  wood  is  satisfactory  for  the  insulators 
of  room  wires,  but  is  not  recommended  for  anj^  other  part  of  the  circuit. 
Conductors  should  not  be  less  than  No.  14  (B.  &  S.)  gage  in  rooms,  No. 
10  in  cross  entries,  and  No,  8  elsewhere. 

Arrangements  should  be  made  for  opening  a  large  gap  in  each  side  of 
the  shot-firing  circuit,  at  or  near  the  point  where  the  circuit  enters  the 
mine;  this  gives  protection  against  accidental  firing  by  lightning  discharges. 
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There  should  be  not  less  than  four  switches  between  the  source  of 
power  and  the  point  of  firing;  at  least  three  of  these  switches  should  be 
locked.     The  cross-entry  switches  should  be  enclosed  in  locked  boxes. 

The  electric  blasting  caps  should  be  connected  in  parallel,  and  the  con- 
nections between  the  caps  and  the  room  wires  should  be  made  by  men 
specially  assigned  to  this  duty. 

Electrical  Firing  at  Open-pit  Mines  and  Quarries 

At  open-pit  mines  and  quarries,  the  usual  practice  is  to  shoot  simul- 
taneously a  number  of  holes  containing  relatively  large  charges  of  explo- 
sives. Better  results  and  greater  efficiency  from  the  explosives  are 
obtained  in  this  way,  than  if  the  holes  fired  one  at  a  time.  Simultaneous 
detonation  may  be  accomplished  either  by  the  use  of  electric  blasting 
caps  or  cordeau-bickford  detonating  fuse. 

Cordeau-bickford  and  methods  for  using  it  have  been  described 
by  Harrison  Souder.^  Where  convenient  it  is  advisable  to  detonate 
the  cordeau  with  an  electric  blasting  cap.  The  average  rate  of  detonation 
of  cordeau  is  about  17,500  ft.  per  sec. ;  when  it  is  placed  along  an  explosive 
charge  in  a  deep  hole  the  entire  column  of  explosive  is  detonated  at  a 
rate  equal  to  that  of  the  cordeau.  This  increases  the  shattering  effect 
of  the  slower  explosives,  and,  consequently,  decreases  the  cost  of  secondary 
blasting.  When  the  explosive  charge  is  not  continuous,  but  is  placed 
at  different  points  along  the  hole,  cordeau  furnishes  a  particularly  con- 
venient and  eflBcient  means  of  firing.  The  charge  can  be  broken  as  many 
times  as  desired,  because  the  cordeau  extends  along  the  entire  length  of 
the  hole  and,  therefore,  detonates  all  of  the  explosive.  In  the  deeper  holes 
it  is  necessary  to  use  countered  cordeau  and  often  advisable  to  use  double 
countered  cordeau  neither  of  which  breaks  as  easily  as  the  plain  cordeau. 

An  Ohio  company  producing  crushed  stone  found  that  the  amount  of 
explosive  necessary  was  reduced  more  than  10  per  cent,  by  replacing 
electric  blasting  caps  with  cordeau.  Missed  holes  were  also  practically 
eliminated.  At  the  Nevada  Consolidated  Copper  Co.,  where  churn-drill 
holes  are  first  chambered  by  dynamite  and  then  loaded  with  black  blasting 
powder,  it  has  been  found  that  the  holes  can  be  loaded  more  quickly 
and  with  greater  safety  with  cordeau  than  with  fuse  and  blasting  caps 
and  the  danger  from  unexploded  caps  and  powder  in  missed  holes 
has  been  eliminated. 

Although  cordeau  has  certain  advantages  over  blasting  caps  in  firing 
deep  churn-drill  holes,  electric  blasting  caps  are  still  used  at  many  mines 
and  quarries.  Their  initial  cost  is  less  and,  if  the  work  is  properly  done, 
they  give  good  results.  In  holes  containing  large  charges  of  explosives, 
a  good  precaution  is  to  place  two  or  more  electric  blasting  caps  in  each 

«  Trans.  (1914)  50,  738. 
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hole,  or  two  caps  in  each  separate  charge  in  the  hole  if  several  charges, 
separated  by  stemming,  are  used.  If  the  holes  are  wet,  waterproof  caps 
should  be  used;  if  there  is  over  30  ft.  of  fluid  in  the  hole,  submarine  electric 
blasting  caps  are  desirable.  Care  should  be  taken  in  loading  to  prevent 
injuring  the  insulation  or  breaking  the  wires.  Frequent  galvanometer  or 
ohmmeter  tests  should  be  made  when  loading  large  charges.  Electric 
blasting  caps  should  not  be  handled  during  an  electrical  storm,  as  in  a 
number  of  instances  they  have  been  detonated  by  the  lightning  dis- 
charges. If  the  ground  is  damp,  the  joints  should  be  taped  or  raised  off 
the  ground  to  prevent  grounds  or  short  circuits.  Each  circuit  should  be 
tested  for  resistance  with  a  galvanometer  or  ohmmeter,  and  if  a  blasting 
machine  is  used,  its  capacity  should  be  tested  with  a  rheostat,  before  an 
attempt  is  made  to  fire  the  shot.  The  different  connections  that  can  be 
used  and  calculations  required  are  given  under  the  head  Connections  for 
Electrical  Firing. 

Deep-well  Shooting  by  Electricity 

In  the  past,  the  most  common  explosive  for  shooting  oil  wells  was 
hquid  nitroglycerin.^  It  possesses  great  strength  and  a  high  rate  of 
detonation  and  is  easily  detonated  because  of  its  extreme  sensitiveness. 
The  latter  quality,  which  is  a  favorable  one  after  it  is  loaded  in  the  well, 
makes  the  handling  of  nitroglycerin  for  well-shooting  an  extremely 
dangerous  occupation.  SoUd  explosives  have  been  developed  that  give 
good  results  in  deep-well  shooting  .and  are  much  safer  to  handle  than 
liquid  nitroglycerin.  They  can  be  transported  by  any  public  carrier 
under  I.C.C.  regulations. 

Several  ingenious  methods  of  firing  charges  of  these  solid  high  explo- 
sives have  been  devised.  After  the  charge  is  lowered  in  the  hole,  it  is 
fired  with  a  squib.  The  most  common  and  effective  squibs  are  the  Jack 
or  some  type  of  electric  squib. 

The  Jack  squib  is  suitable  for  open  holes  where  there  is  no  danger  of 
caving  and  where  the  casing  does  not  have  to  be  moved,  because  of  its 
proximity  to  the  shot.  One  form  of  Jack  squib  is  a  tinned  iron  tube  from 
3  to  6  ft.  long,  in  which  is  placed  one  or  more  cartridges  of  dynamite, 
primed  with  a  No.  6.  or  a  No.  8  blasting  cap  and  fuse.  The  primed 
cartridges  are  packed  tightly  in  the  tube  with  sand  and  the  squib 
is  weighted  on  the  bottom.  When  ready  to  shoot  the  well,  the  fuse  is 
lighted  and  the  squib  is  dropped  down  the  hole.  It  comes  in  contact 
with  the  main  charge  on  the  bottom,  which  it  detonates  when  the  squib 
explodes.  Jack  squibs  are  not  recommended  where  there  are  more  than 
600  ft.  of  fluid  in  the  well. 

Where  wells  are  drilled  through  caving  material  or  where  it  is  necessary 

'  J.  Barab:  "Deep  Well  Shooting."    Wilmington,  Del.     Hercules  Powder  Co. 
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to  pull  the  casing  before  shooting,  an  electric  squib  is  required.  An 
ordinary  electric  squib  satisfactory  for  shooting  wells  with  fluid  heads  of 
200  to  300  ft.  consists  of  a  small  shell  about  3  in.  in  diameter  and  15  in. 
long,  filled  with  torpedo  gelatin  and  primed  with  a  cartridge  of  60  per  cent, 
straight  nitroglycerin  dynamite  in  which  two  electric  caps  are  inserted 
and  connected. 
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Fig.  7. — High-pressure  electric  detonator  for  oil-well  shooting. 


For  wells  where  there  is  a  greater  fluid  head,  specially  constructed 
electric  detonators  are  advisable;  one  that  is  suitable  for  high  fluid  pres- 
sure is  shown  in  Fig.  7.  A  small  shell,  similar  to  that  just  described,  is 
packed  with  torpedo  gelatin  primed  with  this  special  electric  detonator, 
and  lowered  until  it  comes  in  contact  with  the  main  charge.  No.  14 
copper  wire,  well  insulated,  should  be  used  for  lead  wire.  The  caps  should 
be  properly  waterproofed  and  all  connections  carefully  made. 

Casing  Squibs 

.  When  it  is  necessary  to  shoot  a  string  of  casing  in  two,  a  special  cas- 
ing squib  should  be  used;  a  good  type  is  shown  in  Fig.  8.     It  contains  a 
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Fig.  8. — Casing  squib. 
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Fig.  9. — Self-contained  high-pressure  electric  detonator. 


DISCUSSION  239 

small  charge  of  torpedo  gelatin  primed  with  60  per  cent,  straight  nitro- 
glycerin dynamite  and  electric  blasting  caps.  A  sash  weight  is  attached 
to  the  bottom  of  the  squib  and  the  antennae  that  project  upward  from 
the  bottom  are  bent  out.  The  squib  is  then  lowered  to  the  desired 
position,  and  as  it  is  raised  up  and  down  at  this  point,  the  antennae 
catch  on  the  nearest  collar  joint.  When  in  this  position,  the  wire 
is  fastened  to  hold  the  squib  in  place  and  the  squib  is  fired  from  any 
convenient  source  of  current. 

Special  Self-contained  Electric  Detonator 

A  self-contained  electric  detonator,  particularly  adapted  for  shooting 
torpedo  gelatin  under  high  fluid  pressure  in  wells,  has  recently  been 
developed.  It  can  also  be  used  satisfactorily  where  Jack  squibs  are  used 
or  for  casing  shots  and  trouble  work. 

This  detonator,  shown  in  Fig.  9,  is  lowered  on  a  stout  copper  or  iron 
wire  to  the  desired  position.  When  ready  to  fire,  a  1-in.  pipe,  about  15  in. 
long  is  dropped  over  the  wire.  When  the  pipe  strikes  the  firing  head, 
contact  is  made  which  explodes  the  detonator.  The  chief  advantage  of 
this  squib  is  the  saving  in  cost  of  the  double  insulated  wire  required  in 
regular  electric  firing. 
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DISCUSSION 

W.  S.  Weeks,  Berkeley,  Calif.- — Some  years  ago  two  students  at  the 
University  of  California  did  some  research  work  on  the  subject  of  electric 
blasting  and  detonators.  Anybody  who  has  studied  these  will  agree  that 
the  caps  should  be  connected  in  parallel  wherever  possible.  We  were  able 
to  put  two  detonators  in  series  and  beginning  with  a  very  low  current 
and  gradually  increasing  it  we  could  shoot  one  of  those  detonators  with- 
out the  other;  then  the  other  detonator  would  be  connected  on  the  line 
and  the  current  gradually  built  up  until  that  one  would  shoot,  showing 
there  was  nothing  wrong  with  the  detonator.  These  men  found  that 
detonators  required  different  amounts  of  current,  or  different  amounts  of 
heat,  and  that  if  all  are  in  series  the  ones  that  require  the  least  heat  will 
shoot  first,  thus  causing  misfires  in  the  others.  The  little  platinum  bridge 
that  causes  the  detonator  to  be  fired  is  the  point  where  the  heat-generating 
current  passes  in.  We  tried  to  determine  the-  cause  of  the  difference  in 
resistance  of  different  caps  and  made  many  measurements  of  the  platinum 
wire  but  there  was  practically  no  difference  in  the  diameter  of  the  wire. 
This  difference  in  resistance  is,  probably,  the  result  of  differences  in 
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length  and  in  the  soldering.  The  different  resistance  of  the  bridges  has 
no  effect  on  the  time  of  firing;  that  is,  one  cannot  say  the  detonator 
having  the  higher  resistance  will  shoot  first;  there  is  absolutely  no  relation 
between  the  resistance  of  the  bridge  and  the  time  of  the  firing. 

The  delay-action  exploder  is  merely  a  platinum  bridge  which  lights  a 
short  piece  of  fuse  that,  in  turn,  fights  a  detonator.  In  the  cut  holes,  it  is 
desirable  that  charges  go  off  simultaneously,  in  order  that  one  can  help  the 
other.  We  found  that  if  instantaneous  exploders,  that  is  those  in  which 
the  bridge  immediately  fights  the  fulminate  and  they  go  off  instantly,  are 
placed  in  the  cut  that  the  blasting  of  the  cut  wiU  snuff  out  the  fuses  in 
the  delay-action  exploders  before  they  have  time  to  start.  As  a  result 
there  has  been  developed  what  is  called  a  no-delay  exploder;  this  has  a 
very  sfight  delay  which  gives  the  fuses  in  the  delay-action  exploders  time 
to  start  burning  before  the  shot  goes  off.  In  our  experiments  w^e  were 
able  to  use  the  instantaneous  exploders  in  the  cut  by  carrjang  three  wires 
to  the  face  from  a  three-pole  switch.  There  were  one  negative  and  two 
positive  poles,  which  made  two  distinct  circuits,  one  carrying  the  delay- 
action  exploders  and  one  carrying  the  instantaneous. 

On  this  three-pole  switch,  two  of  the  knives  were  made  long  so  that 
the  delay-action  exploders  were  fighted  first,  and  then  as  we  completed 
the  closing  of  the  switch,  the  instantaneous  exploders  were  lighted. 


MINING  METHODS   AT  THE   ASHIO    COPPER   MINE  241 


Mining  Methods  at  the  Ashio  Copper  Mine 

By  Masatuki  Otagawa,  Tokyo,  Japan 

(New  York  Meeting,  February,  1922) 

The  mining  methods  adopted  in  Japanese  mines  are  less  known  to 
the  mining  world  than  those  of  other  countries,  owing  to  the  geographical 
remoteness,  but  they  present  many  features  of  interest  to  mining  engineers. 

The  Ashio  copper  mine  is  at  the  town  of  Ashio,  in  Tochigiken,  about 
109  mi.  (175  km.)  from  Tokyo  by  the  Imperial  Government  railroad. 
The  area  of  the  concession  owned  by  the  Furukawa  Mining  Co.  is  5000 
acres  (5023  ha.).  The  mine  was  formerly  divided  into  three,  viz.  Hon- 
zan,  Kotaki,  and  Tsudo,  which  are  distant  3  mi.  (4.8  km.)  from  each 
other  as  shown  in  Fig.  1.  However,  in  1914,  when  the  writer  was  general 
manager,  the  three  mining  plants  were  amalgamated  into  one  with  the 
result  of  simplifying  the  working  projects  and  increasing  the  operat- 
ing efficiency. 

The  mine  was  visited  by  the  Institute  party  in  November,  1911, 
when  K.  Inouye  was  the  general  manager.  Shortly  afterward,  the 
writer  was  appointed  manager,  and,  in  1915,  he  was  succeeded  by  Dr.  K. 
Asano.  At  the  end  of  1917,  K.  Kibe  became  general  manager  and, 
after  two  years,  was  succeeded  by  the  present  manager,  I.  Sugimoto. 
For  some  time  Dr.  J.  Kojima  was  acting  general  manager.  It  is  needless 
to  say  that  the  gentlemen  mentioned  are  all  members  of  the  Institute, 
as  is  also  Baron  T.  Furukawa,  president  of  the  company. 

Since  the  discovery  of  the  enormous  masses,  called  "kajika"  or 
"bullhead"  deposits,  which  the  writer  has  described  elsewhere,^  the 
mining  methods  have  been  varied  to  meet  the  different  conditions 
presented  by  these  deposits. 

The  Ashio  Ore 

The  country  rock  of  this  mine  consists  of  the  middle  Chichibian 
slate  and  quartzite  into  which  has  been  intruded  a  post-Tertiary  plagio- 
liparite  neck  more  than  2  mi.  in  diameter,  in  the  shape  of  an  inverted 
cone  which  narrows  downward  to  a  relatively  small  diameter  in  depth. 

'  Mining  and  Metallurgy  (December,  1920)  54. 
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Nearly  all  of  the  deposits  are  veins,  and  they  occur  for  the  most  part 
in  the  liparite,  although  a  few  are  found  in  the  sedimentaries.  It  has 
been  generally  believed  that  there  are  two  principal  series  of  veins,  one 
striking  north  30  to  60''  east,  called  the  Yokomabu  series,  and  the  other 
striking  north  80  to  85**  west,  called  the  Shinsei  series.  There  are  more 
than  200  lodes,  and  among  them  40  of  the  former  series  and  60  of  the 
latter  are  now  being  worked.  They  intersect  each  other,  forming  rhom- 
bic nets  of  veins.  They  are  from  1  to  16  ft.  (0.3  to  4.8  m.)  thick,  400  to 
6000  ft.  (121.9  to  1828.8  m.)  long,  and  usually  have  steep  dips.  The 
lodes  are  more  numerous  in  the  upper  levels,  due  to  the  fact  that  some  of 
them  imite  on  dip  and  some  die  out. 

The  chief  vein  minerals  are  chalcopyrite  and  pyrite,  but  zinc  blende, 
arsenopyrite,  galena,  and  pyrrhotite  are  also  of  frequent  occurrence. 
Bornite,  chalcocite,  cuprite,  malachite,  and  pisanite,  with  occasional  azu- 
rite  and  native  copper,  are  observed  in  the  oxidized  zone.  Although  the 
principal  ore  is  chalcopyrite,  it  is  believed  that  there  is  a  commercially 
important  amount  of  secondary  chalcocite  enrichment  in  the  upper 
levels.  There  is  a  small  amount  of  gangue,  consisting  of  quartz,  clay, 
and  chlorite  in  the  upper  levels,  with  less  quartz  and  more  calcite  as 
depth  is  gained. 

Some  of  the  deposits  in  the  sedimentaries  seem  to  be  metasomatic 
bedded  veins  and  form  a  network  of  ore  stringers,  while  others  are 
irregularly  arranged  masses,  which  are  called  "kajika"  (bullhead 
deposits)  by  the  miners  because  they  are  found  behind  the  vein  walls, 
as  a  bullhead  is  frequently  caught  by  lifting  or  removing  pebbles  in 
the  river  bed. 

Brief  comment  on  the  discovery  of  these  kajika  deposits  may  be  of 
interest.  As  long  ago  as  300  years,  they  were  known  and  worked  at 
Sunokobashi  near  Tsudo  adit.  At  that  time  they  were  mined,  or  rather 
excavated,  in  an  open  cut.  The  name  of  one  such  open  pit,  Senjojiki 
(thousand  mats,  one  Japanese  mat  being  6  ft.  by  3  ft.)  still  remains,  and 
the  size  of  the  bonanza  could  well  be  imagined  for  the  "gold  screen" 
of  these  days.  Up  to  the  present  time  six  principal  kajikas  have  been 
discovered,  viz.,  the  Deai,  Kosei,  Taisei,  Tsuruhi,  Ninenhi,  and  Tengu, 
each  named  from  the  vein  and  level  in  which  they  are  encountered,  as 
shown  in  Fig.  1,  where  the  kajikas  are  numbered  from  1  to  14. 

The  largest  kajika,  the  Tengu,  which  was  discovered  at  the  end  of 
1919,  is  an  enormous  mass,  a  metasomatic  bedhke  deposit  along  a  plane 
of  folding  in  the  quartzite,  and  is  a  belt-shaped  oreshoot  dipping  30" 
to  50°  north-northeast  and  pitching  15"  east  to  its  dip.  It  has  now  been 
developed  about  100  ft.  (304.8  m.)  long  in  strike,  30  to  50  ft.  wide  in  true 
thickness,  and  1000  ft.  in  vertical  extension. 

Generally  speaking,  kajika  deposits  are  found  at  or  near  the  junction 
of  two  or  more  fissures,  having  resulted  from  the  sulfide  enrichment 
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Fig.    1. — UNDERGROtTND   MAP   OF  AsHIO   COPPEB  MI^fES. 
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and  replacement  of  included  slate  fragments  in  the  liparite.  As  already 
pointed  out,  the  mine  possesses  a  great  many  fissures  which  have  been 
grouped  into  two  main  systems.  However,  H.  V.  Winchell  has  expressed 
the  opinion  that  there  is  still  another  system  of  fractures  which  were 
complementary  or  produced  at  slightly  different  periods.  As  the  writer 
also  agrees  with  Mr,  Winchell's  view,  it  may  be  considered  that  the 
kajika  deposits  have  no  direct  genetic  relation  to  the  ordinary  fissure 
fillings  in  the  liparite. 

The  kajika  ore  is  chalcopyrite  with  neither  gangue  nor  pyrite.  In 
the  higher  zones,  the  chalcopyrite  has  been  altered  to  bornite  and  chal- 
cocite.  The  sulfide  ore  contains  from  30  to  50  per  cent,  copper  in  the 
rich  part;  the  average  is  generally  more  than  15  per  cent.  The  boundaries 
of  the  deposits  are  not  well  defined,  since  there  is  usually  a  marginal 
chloritic  and  sericitic  alteration.  It  is  worthy  of  note  that  the  commercial 
copper  ores  of  the  United  States  are  mainly  chalcocite,  as  illustrated  in 
Arizona,  Montana,  Utah,  Nevada,  and  New  Mexico,  whereas  chalcopyrite 
is  the  principal  source  of  copper  in  Japan. 

Mining  Methods 

The  mine  is  developed  by  adit  levels  and  blind  shafts  and  is  at  present 
being  worked  to  the  depth  of  3500  ft.  (1066.8  m.)  below  the  surface. 
The  daily  output  is  1000  tons  of  copper  ore,  mined  from  veins  and  kajikas 
in  nearly  equal  amount. 

Overhand  stoping  is  employed  in  the  veins.  Each  stope  is  6  ft. 
(1.8  m.)  high,  10  to  15  ft.  long  and  more  than  23^-^  ft.  wide,  depending 
on  the  thickness  of  the  vein.  The  system  of  mining  the  kajikas  is  mostly 
by  stepped-face.  square  sets.  As  shown  by  Fig.  2,  development 
drifts  are  in  either  wall  or  the  deposit  with  raises  to  the  level  above,  and 
the  sill  floor  is  breasted  out  from  the  drift  to  each  wall.  The  room  is 
supported  by  round  square-set  timbering,  6  ft.  square,  center  to  center, 
both  cap-wise  and  girt-wise  and  6  ft.  high.  The  sill  floors  are  7  ft.  high. 
The  diameter  of  the  timbers  for  post,  cap,  and  girt  is  10  in.;  on  the  main 
siU,  12  in.  Since  the  ground  is  firm  enough,  the  sets  alone  are  relied 
upon  to  support  the  walls  without  filling.  The  ore  is  drawn  off  through 
incUned  chutes  into  cars  on  each  level  and  trammed  to  the  shaft  station. 
In  most  cases,  cages  are  used  in  the  shafts,  but  a  skip  with  2,5  tons 
capacity  is  installed  in  the  Yokomabu  shaft  No.  2,  which  has  a  depth 
of  1080  ft.  Kajika  deposits  are  too  wide  for  stulls,  and  the  ground  is 
fairly  strong,  but  requires  prompt  support  to  prevent  slabs  falling  from 
the  back  and  waUs;  so  this  method  of  mining  is  justified  by  the  lower 
cost  of  exploitation. 

Although  there  are  still  many  mines  worked  by  the  square-set  system 
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in  the  United  States,  in  spite  of  the  growing  preference  for  shrinkage, 
filling  and  caving  systems,  there  are  few  mines  in  Japan  where  the  condi- 
tions are  suited  to  the  square-set  method. 


Fig.  2, — Plan  and  section  of  Tengu  Kajika,  showing  square-set  workings. 

The  Ashio  Drill 

The  excavation  is  by  hand  and  rock  drills.  There  are  several  kinds 
of  rock  drills,  which  have  been  in  use  for  many  years.  In  fact,  it  will 
be  noted  that  the  Ashio  mine  was  the  first  one  where  machine  drills  were 
extensively  employed  in  Japan.  Among  them,  Leyner  IngersoU  No.  26, 
Ingersoll  stoper  B.  C.  21,  Jackhamer  B.  C.  R.  W.  430,  and  Ashio  drill  are 
chiefly  used  at  present,  the  latter  being  designed  and  manufactured  by 
the  engineers  of  the  mine.  Its  construction  is  much  like  that  of  the 
Jackhamer,  having  a  butterfly  valve,  but  it  is  much  simpler  and  weighs 
only  one  quarter  as  much.    The  following  table  gives  comparative  figures : 
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Jacehambb 

Length,  inches 18 

Weight,  pounds 40 

Cylinder  diameter,  inches 2.25 

Diameter  of  steel,  inches 0 .  875 

Performance  per  minute,  inches 9 

Cubic  feet  free  air  per  minute 69 


AaHio 
11.833 
11.6 

1.625 

0.75 

5.5 

50 


Fio.  3. — General  view  of  Ashio  smelter. 


Fig.  4. — Bucket  dredgee  in  Girimiki  settling  pond. 

Although  this  drill  is  not  suitable  for  very  hard  rock,  it  is  profitably 
used  for  soft  ores,  such  as  that  of  the  kajikas,  and  also  for  the  stoping 
of  narrow  and  poor  veins  where  hand  drilling  is  too  expensive.  The 
cost  of  breaking  ground  by  the  Ashio  drill,  including  wages,  explosives, 
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compressed  air,  etc.,  ranges  from  $1.50  to  $2  per  10  cu.  ft.,  depending 
on  the  nature  of  the  material  broken. 

In   CoNCLtJSION 

The  Ashio  mine  has  an  assm-ed  tonnage  of  ore  for  many  years  to  come. 
None  but  those  who  have  seen  the  kajikas  can  reaHze  the  size  and  richness 
of  the  ore  which  has  been  found  since  the  "Senjojiki"  days.  Rich  ore  is 
encountered  constantly  at  every  turn.  News  of  the  new  find  leaked  out 
to  the  public  at  about  the  time  of  the  terrible  crisis  that  for  a  while 
threatened  to  shatter  the  financial  structure  of  Japan's  national  economy. 
The  appearance  of  the  new  bonanza  thus  resulted  in  the  effective  demon- 
stration of  the  strength  of  the  Furukawa  firm,  and  enabled  it  to  continue 
producing  when  the  copper  market  had  sunk  to  the  bottom  of  depression 
and  when  the  cost  of  production  at  several  other  mines  was  far  above 
the  market  price  for  copper. 

In  the  middle  of  January,  1921,  when  the  writer  had  the  privilege  of 
welcoming  Sherwood  Aldrich,  president  of  the  Ray  Consolidated  Copper 
Co.,  at  Tokyo,  he  referred  to  the  formation  of  a  Japanese  copper 
producers'  association  with  a  view  to  curtailing  output  and  warding 
off  suicidal  productions  and  competition,  and  then  expressed  the  hope 
of  seeing  a  new  Ray  in  the  Land  of  the  Rising  Sun  as  well  as  in  the  Mighty 
Country  of  Stars. 

Japan  owes  a  vast  debt  to  America  in  mining  and  metallurgy,  since 
the  works  in  Japan  were  modeled  after  those  of  the  United  States.  It  is 
the  earnest  desire  of  the  writer  that  Japan  shall  always  preserve  a  sympa- 
thetic peace  in  copper  matters  as  well  as  in  industry  and  commerce 
at  large. 

DISCUSSION 

Horace  V.  Winchell,  Los  Angeles,  Calif,  (written  discussion). — 
This  property  is  noteworthy  because  of  both  its  antiquity  and  its  moder- 
nity. It  was  discovered  and  worked,  I  beheve,  about  320  years  ago.  To 
the  Japanese,  surrounded  by  monuments  and  structures  of  hoary  age, 
such  workings  call  for  no  particular  attention,  but  to  American  engineers 
without  foreign  experience  a  mine  with  a  producing  record  of  more  than 
a  century  is  a  phenomenon.  On  the  other  hand,  under  the  progressive 
management  of  the  author,  and  others  of  our  Japanese  members,  the 
property  has  been  extensively  developed  and  equipped  with  every  modern 
appliance  so  that  it  represents  the  most  refined  stage  of  mining,  milling, 
smelting,  and  refining  methods  of  today. 

Geologically,  it  does  not  resemble  any  copper  deposits  with  which  I 
am  familiar  but  possesses  several  unique  features.     The  occurrence  of  the 
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veins  in  the  neck  of  liparite  which  has  the  shape  of  an  inverted  cone,  vary- 
ing in  diameter  from  about  2  mi.  upon  the  surface  to  perhaps  less  than 
2000  ft.  at  the  lowest  developed  level,  is  only  one  of  its  special  features. 
This  liparite,  which  is  roughly  circular  in  horizontal  cross-section,  con- 
tains a  marginal  zone  around  its  periphery  in  which  are  found  innumer- 
able fragments  of  included  "Chichibian"  slate  of  all  sizes  from  minute 
particles  to  masses  as  large  as  a  city  block.  The  famous  kajika  deposits 
represent  fragments  of  the  slate  in  all  stages  of  replacement  by  chal- 
copyrite.  Where  the  replacement  is  complete,  the  bedding  planes  are 
obliterated.  Where  it  is  only  partial,  the  banding  can  still  be  observed 
and  the  tenor  in  copper  is  proportionately  less.  We  thus  find  kajikas  of 
all  sizes  and  all  degrees  of  copper  content,  up  to  that  of  pure  chalcopyrite. 
The  kajikas  have  a  sporadic  distribution  usually  within  a  distance  of  500 
ft.  from  the  marginal  contact  of  the  liparite  with  the  slate  and  quartzite; 
they  are  not  in  the  veins  nor  apparently  genetically  associated  with  them 
and  hence  are  subject  to  no  rule  of  distribution  nor  discovery  by  the 
application  of  any  structural  conditions.  One  kajika  may  contain  10 
tons  of  5  per  cent,  ore  and  another  1000  or  20,000  tons  or  more  of  25  per 
cent.  ore.  The  occurrence  of  these  peculiar  deposits  lends  interest  to 
the  work  of  prospecting  but  also  introduces  complications  in  the  mining 
methods,  which  have  been  well  described. 

Another  feature  is  the  fact  that  the  veins  are  more  numerous  in  the 
upper  levels.  The  mine  has  been  developed  by  three  tunnels,  which  enter 
the  mountain  from  different  erosion  valleys  and  which  reach  a  depth  of 
about  2000  ft.  beneath  the  apex  of  the  mountain.  From  these  tunnels 
vertical  shafts  were  sunk  to  a  still  greater  depth  of  about  1600  ft.  in 
1917.  There  were  at  that  time,  I  believe,  seventeen  timekeepers'  offices 
underground,  each  consisting  of  a  large  room  excavated  at  a  convenient 
point,  electric-lighted  and  furnished  with  conveniences  for  keeping  track 
of  underground  operations.  There  is  an  excellent  system  of  electric 
haulage  and  the  tunnel  entrances  are  supplied  with  cut-masonry  arch- 
ways suggestive  of  some  of  the  best  and  oldest  shafts  and  tunnels  in 
Pachuca  and  other  old  camps  in  Mexico. 

In  addition  to  a  modern  flotation  plant,  the  tailings  from  which  are 
carried  over  the  mountain  by  a  bucket  conveyor,  this  mine  has  a  smelter 
which  is  carefully  watched  under  Government  regulation  to  guard 
against  smoke  damage.  It  has  extensive  hydro-electric  power  develop- 
ments, for  which  purpose  is  utihzed  a  waterfall  with  a  vertical  drop  of 
more  than  1000  ft.,  and  an  electrolytic  refining  plant.  The  village  of 
Ashio  has  a  population  of  about  30,000  and  is  beautifully  situated,  and  a 
visit  to  the  property  is  rewarded  by  the  opportunity  of  viewing  beautiful 
scenery  and  enjoying  the  courteous  hospitality  of  the  officials  of  the 
Furukawa  Co.  My  visit  to  this  property  will  long  linger  in  memory  as 
one  of  the  most  delightful  of  my  experiences. 
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D.  W.  Brunton,  Denver,  Colo,  (written  discussion). — To  the 
members  of  the  Institute  who  were  fortunate  enough  to  visit  Japan  in 
1911,  this  paper  will  be  a  pleasing  reminder.  At  that  time  the  railroad 
had  not  been  built,  so  we  made  the  trip  on  horseback  over  the  mountains 
and  down  the  valley  of  the  Watarso  River  to  the  mines.  The  views 
along  the  vaUey  and  at  Ashio  resembled  closely  the  scenery  on  the 
Roaring  Fork  of  the  Grande  and  Aspen,  and  at  almost  every  turn  some- 
one would  call  attention  to  some  striking  resemblance  to  Colorado's  most 
interesting  and  beautiful  mining  camp. 

The  hospitality  shown  left  us  little  time  and  less  inclination  for 
detailed  mine  studies,  but  we  were  profoundly  impressed  with  the 
immense  size  of  the  orebodies  and  their  wonderful  richness.  More  strik- 
ing, however,  were  the  evidences  of  careful  thought  and  study  in  the  selec- 
tion of  the  mining  and  metallurgical  equipment  of  the  property.  Order, 
system,  and  superlative  cleanliness  were  evident  everywhere,  both  on  the 
surface  and  underground.  Development  was  well  ahead  of  extraction  in 
all  parts  of  the  mine  and  I  have  never  seen  better  work  in  drifting  and 
stoping  nor  cleaner  workings.  The  machinery  at  the  mines  and  smelter 
was  of  the  most  improved  types,  many  of  the  mechanical  devices  being 
especially  designed  to  meet  local  conditions.  Every  provision  was  made 
for  the  comfort  and  safety  of  the  workmen  and  the  condition  of  the  entire 
plant  reflected  the  highest  credit  on  both  management  and  operatives. 

Masayuki  Otagawa  (author's  reply  to  discussion). — Although  the 
writer  did  not  intend  to  describe,  under  the  present  title,  the  milling 
and  smelting  processe  adopted  at  the  mine,  the  property  is  equipped 
with  every  modern  appliance  in  these  respects  as  stated  by  Mr.  Winchell. 
Until  a  half  century  ago,  all  mines  in  Japan  were  worked  by  the  Govern- 
ment in  an  uneconomical  way.  In  1877,  I.  Furukawa,  the  founder  of 
the  company,  undertook  to  work  the  Ashio  copper  mine,  and  proved 
that  it  could  be  worked  economically  and  successfully  by  a  private 
corporation.  Early  in  1893,  he  introduced  the  bessemer  converter, 
when  C.  Kimura  was  the  general  manager;  this  installation  of  the  besse- 
mer process  in  a  copper  plant  was  next  to  the  Butte  installation,  so 
far  as  satisfactory  operation  was  concerned.  Also  the  ore  has  been 
treated  by  the  flotation  process  since  1913,  with  improved  extraction  and 
reduced  cost  of  milling. 

Since  the  kajika  deposits  have  been  extensively  developed  and  worked, 
the  milling  and  smelting  processes  have  been  advantageously  affected, 
because  the  rich  and  compact  nature  of  the  ore  simplifies  the  operations 
in  dressing  and  reduces  the  quantity  of  fuel  and  flux  required  in  smelting. 

In  addition  to  the  typical  kajika  deposit  in  liparite,  there  are  kajikas 
that  replace  quartzite;  and  this  deposit  is  considered  very  important 
for  the  development  of  the  mine.     The  quartzite  found  in  the  upper 
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reaches  of  the  Watarase  River  runs  along  the  bed  down  to  Sunokobashi 
where  it  crosses  the  river  and  extends  to  the  Kotaki  mine,  {vide  Fig.  1.) 
The  width  of  quartzite  ranges  from  30  to  60  ft.,  and  the  kajikas  are  found 
at  the  fracture,  where  the  former  is  crumpled  by  faults.  This  type  of 
kajika  consists  of  chalcopyrite  and  is  usually  associated  with  pyrite; 
bornite  and  chalcocite  sometimes  occur.  It  is  specially  characterized  by 
its  high  content  of  copper,  showing  60  per  cent,  for  the  best  specimen  and 
averaging  15  per  cent,  generally. 

While  in  the  United  States  the  problem  of  injury  to  vegetation  by 
smelter  fumes  was  not  given  much  consideration  at  the  time,  as  early  as 
1897  the  famous  investigation  of  the  mineral  poison  problems  of  the 
Ashio  copper  mine  was  carried  out  by  the  Government  Committee. 
The  engineers  of  the  company  had  to  pay  attention  to  the  mine-water 
and  smoke  problems  to  prevent  any  damage  they  might  do,  and  installed 
several  plants,  in  addition  to  various  construction  and  forestry  works,  in 
order  to  comply  with  the  Government  regulations  and  special  orders  in 
accordance  with  the  reports  of  the  government  investigators. 

For  the  treatment  of  the  smelter  fume,  in  1897,  the  company  built  the 
desulfidizing  tower,  which  was  replaced.,  in  1915,  by*a  large  dust  chamber 
using  the  Roesing  wire  system.  The  gases  passed  from  the  chamber  to 
four  chimneys  and  were  diluted  by  the  forced  admission  of  fresh  air  and 
then  discharged  into  the  atmosphere.  In  1916,  the  Cottrell  electrical 
precipitation  process  was  introduced.  In  this  way,  besides  the  abate- 
ment of  the  smoke  nuisance,  arsenic  and  bismuth  are  being  recovered. 

As  described  by  Mr.  Brunton,  when  the  Institute  party  visited  the 
mine  in  1911,  the  horse  haulage  and  aerial  tramways  were  mostly  used 
for  surface  transportation,  although  the  electric  locomotives  were 
employed  for  main  adit  haulage.  In  1913,  the  Ashio  railway  was  built, 
which  connected  the  mine  with  the  metropolis.  The  late  Dr.  R.  Kondo 
organized  and  presided  over  the  Ashio  Railway  Co.,  and  he  was  succeeded 
by  the  writer,  who  was  the  president  of  the  company  until  the  railway 
was  purchased  by  the  Imperial  Government  in  1918. 
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Steam-shovel  Operation  at^Bisbee,  Arizona 

By  H.  M.  Ziesemer*  and  George  Mieyr,!  Bisbee,  Ariz. 

(New  York  Meeting,  February,  1922) 

Prior  to  1909  that  mountain  of  porphyry  known  as  Sacramento  Hill 
had  hardly  been  touched  though  it  had  always  been  thought  to  contain 
ore.  During  that  year,  exploratory  work  was  started  by  underground 
methods;  drifting  and  raising  continued  until  1913.  It  was  proved  that 
a  mineralized  zone  existed,  the  limits  of  which  had  not  been  determined; 
so,  because  of  the  lower  costs  of  exploratory  work  and  the  greater  desira- 
bility of  vertical  sections,  it  was  decided  to  prove  the  extent  of  the  ore 
zone  by  churn  drills.  Drilling  continued  until  1917,  when  it  seemed 
almost  certain  that  the  horizontal  limits  of  the  orebodies  had  been 
determined.  Ore  continued  in  depth  in  one  direction  beyond  a  point 
where  it  was  economical  to  explore  by  churn  drilling;  this  extension  is 
still  being  developed  by  underground  methods.  The  irregularities  of  the 
boundaries  of  the  ore  zones,  together  with  the  variable  grades  of  ore 
encountered,  made  it  necessary  to  drill  on  the  corners  of  100-ft.  squares. 
Two  ore  zones  were  proved,  known  as  the  East  and  West  Orebodies. 

The  Sacramento  Hill  porphyry  stock  intruded  into  the  Dividend 
fault.  The  fault  ran  roughly  east  and  west  with  a  dip  to  the  south, 
having  pre-Cambrian  schists  on  the  north  against  Paleozoic  limestone  on 
the  south.  This  intrusion  was  accompanied  by  a  silica  breccia  on  the 
south  periphery,  along  the  limestone  contact  side.  The  ore  lay  in  the 
silica  breccia  and  in  the  porphyry,  some  distance  from  the  breccia.  No 
ore  was  found  in  the  heart  of  the  porphyry  mass  on  the  north  side,  along 
the  schist  contact. 

The  West  Orebody  is  elliptic  in  shape,  having  a  major  axis  of  1200 
ft.  (366  m.)  and  a  minor  axis  of  800  ft.  (244  m.);  these  diminish  with  depth 
until,  at  300  ft.,  the  axes  are  500  ft.  and  300  ft.,  respectively.  The 
ore  consists  of  chalcocite,  some  bornite,  chalcopyrite,  and  considerable 
pyrite  in  a  siliceous  gangue.    About  30  per  cent,  of  the  copper  is  caused  by 

*  Chief  Engineer,  Mining  Department,  Copper  Queen  Branch, 
t  Superintendent,  Sacramento  Hill  Operations. 
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enrichment  of  the  pyrites.     The  estimated  tonnages  of  the  West  Ore- 
body  are : 

Per  Cent. 
Tons  Copper  Grades,  Feb  Cent. 

Smelter  ore 1,296,120  5 .  960  3 .  50  and  higher 

MiUing  ore 6,557,640  1 .525  0.80  to  3.50 


Total 7,853,760  2.257 

In  determining  the  method  of  mining  to  be  adopted  for  the  West 
Orebody,  costs  and  information  relative  to  caving,  shrinkage,  shcing 
and  open-pit  mining  were  obtained  from  the  different  mines  of  the  South- 
west, where  these  methods  had  been  worked  successfully  on  various  types 
of  low-grade  deposits. 

Should  the  Ohio-Inspiration  caving  method  be  adopted  for  mining 
the  West  Orebody,  it  was  estimated  that  it  would  cost  333^^  per  cent, 
more  than  the  costs  obtained  at  the  Inspiration  mine,  where  this  method 
is  used,  because  of  the  relatively  small  tonnage  to  be  handled.  The  ore 
did  not  lend  itself  readily  to  the  caving  method  because  of  the  hard  and 
soft  strata,  which  would  increase  the  cost  of  repairs  or  losses  of  the  small 
finger  raises.  From  results  obtained  by  the  caving  method  up  to  that 
time,  it  was  estimated  that  only  90  per  cent,  of  the  copper  out  of  100 
per  cent,  of  the  tonnage  in  reserves  was  being  recovered,  due  to  the 
dilution  from  the  waste  capping.  A  characteristic  of  the  ore  in  Sacra- 
mento Hill  was  its  irregular  surface;  therefore,  it  could  not  be  expected 
that  even  90  per  cent,  of  the  copper  contents  would  be  recovered,  particu- 
larly as  much  of  the  ore  against  the  capping  is  of  a  higher  grade  than 
the  average.  Neither  did  the  method  lend  itself  to  a  clean  separation  of 
the  direct  smelting  ore,  which  occurred  in  pockets  and  stringers  through- 
out the  orebody,  from  the  lower  grade  milHng  ore.  The  same  conclusions 
were  drawn  with  reference  to  the  shrinkage  system  of  mining,  so  it  was 
decided  that  these  methods  could  not  be  considered. 

There  remained  for  consideration  the  underground  slicing  and  the 
open-pit  steam-shovel  methods,  both  of  which  appeared  favorable.  By 
either  method,  the  orebody  with  its  irregular  outline,  having  high-grade 
stringers  running  into  the  capping,  could  be  recovered ;  and  both  gave  an 
opportunity  for  fairly  close  sorting,  on  a  large  scale,  of  the  different  classes 
of  ore  which  occurred  irregularly  throughout  the  orebody.  A  comparison 
of  net  returns  from  the  two  methods  showed  in  favor  of  the  open-pit 
mining.  The  estimated  cost  of  mining  the  orebody  by  slicing  was  based 
on  figures  obtained  from  the  Miami  Copper  Co.,  where  this  method  had 
been  used  on  a  large  scale.  Costs  from  the  Chino  Copper  Co.,  Utah 
Copper  Co.,  and  the  Nevada  Consohdated  Copper  Co.,  where  steam- 
shovel  mining  was  carried  on,  were  used  as  a  guide  in  arriving  at  an 
estimated  cost  for  open-pit  work.    The  estimated  profits  from  steam- 
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shovel  mining  were  based  on  sending  ore  to  the  mill  with  a  minimum 
grade  of  1  per  cent,  copper.  There  remained  the  possibihty  of  sending 
lower  grade  material  to  the  mill,  thereby  increasing  the  profitable  tonnage 
while  the  total  cost  remained  the  same.  Comparative  estimated  costs 
were  based  on  the  1915  scale  of  wages,  with  the  probable  chance  for  an 
increase,  which  would  affect  the  slicing  cost  more,  in  proportion,  than 
the  open-pit  cost,  as  only  about  one-haK  as  many  men  would  be  needed 
for  the  open-pit  mining  as  would  be  required  for  the  shcing  method,  to 
produce  the  same  tonnage.  For  the  open-pit  mining,  about  two-thirds 
of  the  men  employed  would  be  unskilled  laborers.  This  would  work  to 
the  advantage  of  open-pit  mining,  should  a  shortage  of  skilled  labor 
occur  for  the  slicing  method. 

In  the  early  stages  of  the  slicing  method,  when  men  are  working  for 
costs  and  to  put  the  mine  in  shape  to  deliver  the  required  tonnage, 
small  stringers  of  good  ore  which  run  into  the  capping  might  be  passed  by. 
This  would  not  be  the  case  with  steam-shovel  work,  where  it  is  necessary 
to  remove  all  material.  A  few  small  stringers  of  good  ore  left  unmined 
would  soon  amount  to  a  100-ft.  cube,  or  85,000  tons,  meaning  a  consider- 
able loss.  If  the  tonnage  of  ore  within  the  orebody  proved  to  be  greater 
than  that  estimated,  the  total  cost  of  mining  the  orebody  by  sHcing  would 
be  increased  by  the  actual  cost  of  placing  the  increased  tonnage  at  the 
mill  or  smelter,  while  with  the  open-pit  work  the  total  mining  cost  would 
remain  the  same. 

In  all  underground  caving  methods,  it  is  anticipated  that  the  surface 
capping  will  follow  directly  upon  the  removal  of  the  ore.  The  hard  cap- 
ping lying  above  the  ore  in  Sacramento  Hill  made  it  extremely  uncertain 
whether  the  capping  would  follow  or  not.  In  case  it  should  not  follow, 
there  would  be  the  possibihty  of  serious  accidents  or  an  additional  cost  to 
remedy  the  difficulty. 

The  open-pit  mining  allowed  a  greater  elasticity  with  less  cost,  for 
increasing  or  decreasing,  on  short  notice,  the  tonnage  desired.  And, 
should  a  complete  shutdown  be  necessary  during  the  period  of  operation, 
as  has  actually  occurred,  with  the  underground  method  considerable 
expense  would  be  incurred  in  closing  the  mine,  keeping  it  in  repair  while 
closed,  and  reopening  it,  that  would  not  be  incurred  were  the  open-pit 
method  used.  All  the  unknown  chances  appeared  to  favor  open-pit 
mining,  but  the  difference  in  estimated  costs  between  the  two  methods 
was  not  great,  and  any  errors  in  estimates  might  affect  costs  and  the  net 
profit  based  on  either  method.  Before  a  final  decision  was  reached, 
L.  E.  Foster,  formerly  assistant  superintendent  of  the  Chino  Copper  Co., 
at  Santa  Rita,  N.  Mex.,  was  called  in  as  consulting  engineer  and,  after 
his  report  and  recommendations  were  made,  it  was  definitely  decided  to 
mine  the  West  Orebody  by  steam  shovel.  Plans  of  attack  were  laid  out 
and  the  order  for  equipment  placed. 
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The  plan  of  opening  the  pit  might  be  divided  into  three  stages:  Work 
located  between  the  5360  and  5656-ft.  elevations  (all  elevations  refer  to 
sea  level),  the  5180  and  5360-ft.  elevations,  and  the  4940  and  5180-ft. 
elevations. 

The  work  between  the  5360  and  5656-ft.  elevations  consisted  in  attack- 
ing the  hill  from  the  side  and  removing  the  apex  down  to  an  elevation  of 
5480  ft.,  and  below  that  elevation  to  the  5360-ft.  elevation,  removing  a 
semicircular  mass  in  the  hillside;  between  the  elevations  of  5180  ft.  and 
5360  ft.,  to  divide  the  pit  in  haK  by  through-cuts,  removing  one  half 
through  east  approaches  and  the  other  half  through  west  approaches; 
below  the  5180-ft.  elevation  and  down  to  the  4940-ft.,  the  bottom  of  the 
pit,  to  carry  a  spiral  track  on  the  rim  on  a  23-^  per  cent,  grade. 


Fig.  1. —  South  side  of  Sacramento  Hill  before  operations  -vv^re  started. 

It  was  on  the  first  stage,  between  the  elevations  of  5360  (1634  m.)  and 
5656  ft.  (1724  m.),  where  the  greatest  difficulties  were  encountered.  Fig. 
1  shows  a  south  view  of  the  Hill  before  operations  were  started  and  Fig.  2 
shows  a  north  view.  These  views  show  the  location  of  the  hill  with 
reference  to  the  civic  improvements — homes,  railroads,  public  highways, 
and  mining  property.  The  company's  shops  and  other  buildings  were 
located  on  the  south  rim  and  had  to  be  removed  for  the  pit  operations. 
Thetopof  the  hill,  with  its  rough,  jagged,  and  precipitous  outline  consisted 
of  an  iron-stained  siliceous  breccia,  or  the  contact  material  between  the 
limestone  and  porphyry.  The  porphyry,  on  cooHng,  had  caused  this  mass 
to  become  very  badly  fractured.  Before  any  track  could  be  constructed 
on  the  hill,  it  was  necessary  to  blast  down  this  apex.  The  broken  mate- 
rial served  as  a  fill  for  railroad  beds  and  formed  a  slope  from  which  shovel 
operations  could  be  started.     In  many  places,  the  hill  was  too  steep  to 
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allow  tracks  to  be  constructed  for  shovel  operations  without  burying  the 
loading  track.     Fig.  3  shows  the  point  to  which  this  work  was  carried 


Fig.  2. — North  side  of  Sacramento  Hill  before  operations  were  started. 


Fig.    3.— Showing  method  of  attack. 


This  work  was  accomplished  by  working  up  from  the  bottom,  drill- 
ing and  blasting  each  exposed  face  of  rock      Compressed-air  machines 


256 


STEAM-SHOVEL   OPERATION   AT  BISBEE,   ARIZONA 


were  used  and  holes  were  drilled  horizontally  15  to  20  ft.  (4.6  to  6m.)  deep. 
As  each  series  of  shots  was  fired,  the  drills  were  moved  up  on  the  broken 
rock  lying  against  the  remaining  cliff  and  the  cj^cle  repeated.  When 
the  top  was  reached,  a  number  of  churn-drill  holes,  40  to  85  ft.  (12  to  26 
m.)  in  depth,  were  loaded  and  shot  with  the  last  series  of  machine-drill 
holes,  using  about  eleven  tons  of  powder.  This  practically  completed 
the  slopes,  except  for  shooting  down  certain  points  and  breaking  up  the 
many  boulders  in  the  mass  of  broken  rock. 
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Fig.  4.  — Preliminabt  tracks,  5360-ft.  to  5540-ft,  bench. 


Fig.  4  shows  the  track  system  to  be  put  in  for  the  first  stage  of  opera- 
tions. In  deciding  on  60-ft.  (18-m.)  benches  for  this  stage  of  operations, 
common  practice  at  the  various  steam-shovel  operations  in  the  Southwest 
served  as  a  guide.  It  has  since  been  proved  that  30-ft.  benches  would 
have  been  more  economical  with  rock  of  the  character  encountered.  The 
track  runs  level  across  the  5360-ft.  bench  and  then  starts  up  on  a  2}4  per 
cent,  grade  to  the  dead  end  of  a  switchback  between  the  upper  and  lower 
C  line  tracks.  From  there,  it  climbs  again  on  a  2)^  per  cent,  grade  until 
it  reaches  the  pit  line  on  the  5420-ft.  bench,  from  which  the  track  is  run 
out  level  for  this  bench.  From  that  point,  it  continues  on  a  2)-^  per  cent, 
grade  over  the  upper  and  lower  B  line  switchback  to  the  east  edge  of  the 
pit,  where  it  runs  level  across  the  5480  ft.  bench,  continuing  on  a  21^ 
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per  cent,  grade,  making  a  complete  circuit  of  the  hill,  reaching  the  5540- 
ft.  bench  at  a  point  on  its  western  edge.  Most  of  this  line  was  roughly 
graded  by  hand,  closely  following  the  irregularities  of  the  ground.  The 
ahgnment  was  later  made  by  fills.  Some  curves  ran  as  high  as  65°, 
being  later  decreased  to  40°  curves  for  operations. 

To  establish  the  60-ft.  benches  it  was  necessary  to  make  a  cast  through 
on  the  5360-ft.  bench  to  make  room  for  a  loading  track.  Then  a  second 
cut  was  loaded  out;  this  made  room  to  catch  the  cast  from  the  bench 
above.  This  cycle  was  repeated  on  the  5420-ft.,  5480-ft.,  and  5540-ft. 
benches,  see  Fig.  5.     In  working  the  5540-ft.  bench  back,  the  danger  was 


Fig.  5. — SHO■v^^NG  method  of  attack. 


not  as  great  when  advancing  against  the  slope  of  the  hill  as  when  the  slope 
of  the  hill  receded  from  the  advance.  In  working  against  the  slope,  it 
was  possible  to  blast  with  fairly  heavy  charges  without  danger  to  life  and 
property  on  the  north  side  of  the  hill,  but  when  the  slope  receded  from  the 
direction  of  advance,  there  was  always  the  danger  of  boulders  being  dis- 
lodged from  the  hillside  or  being  thrown  by  the  blast  amongst  the  traffic 
and  homes  located  below.  It  was  necessary  to  undercut  the  toe  of  the 
bench  by  short  air-drill  rounds  and  put  in  plugger  drill  rounds,  from  the 
slope  side  of  the  top  edge,  in  order  that  all  material  would  fall  toward 
the  bench  side.  This  work  was  carried  to  a  point,  where  it  became 
necessary  to  stop  as  any  blast  might  dislodge  rocks  that  would  endanger 
life  and  property  below.     The  comb  of  rock  thus  left  was  taken  down  with 
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the  bench  below,  as  it  was  worked  back  in  the  manner  just  described. 
The  only  serious  accidents  occurred  from  premature  explosions,  caused 
by  flinty  particles  raveHng  from  the  sides  of  the  holes  during  loading, 
falling  down  the  hole  and  igniting  the  powder. 

The  disposition  of  waste  in  the  early  stages  of  operations  proved 
very  expensive.  The  only  available  areas  for  dumps  near  the  shovel 
operations  were  located  on  hillsides.  These  areas  were  reached  by  adverse 
grades  of  2}i  per  cent,  and  track  ahgnments  having  high  curvatures. 
The  location  of  these  waste  disposal  areas  is  shown  in  Fig.  4.  Though 
the  hauls  were  short  in  comparison  to  a  location  having  favorable  grade 


Fig.  6. — Shoaving  pkogkess  of  work. 


to  the  loads  and  much  greater  distance,  haulage  costs  proved  greater, 
because  of  the  small  number  of  cars  that  could  be  handled  at  one  time. 
This  necessitated  more  trains  being  kept  in  service  to  supplj^  the  shovels. 
Operations  on  the  first  stage,  between  the  5360-ft.  and  5656-ft.  eleva- 
tions, have  removed,  to  date,  all  material  above  the  5420-ft.  bench  and 
have  advanced  the  5360-ft.  bench  in  the  clear  for  the  bench  below.  On 
the  second  stage  of  opening  the  pit,  between  elevations  of  5180  and  5360 
ft.  enough  material  has  been  removed  to  allow  down-cutting  operations  to 
start  below  the  5270-ft.  bench.  This  is  the  objective  point  to  which  the 
pit  had  to  be  opened  in  order  to  allow  the  required  tonnage  for  the  mill  to 
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come  out,  see  Fig.  6.    The  general  arrangement  of  tracks,  locations  of 
the  various  dumps,  and  mill  site  are  shown  in  Fig.  7. 


Steam-shovel  Operations 

Steam-shovel  operations  may  logically  be  considered  under  the  follow- 
ing major  subdivisions:  Breaking  ground,  shoveling,  haulage,  dump 
maintenance,  and  sampling.     The  following  discussion  of  methods  and 
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costs  will  follow  this  outline,  with  a  brief  description  of  equipment  used 
in  the  operation. 

Breaking  Ground 

Drilling. — In  breaking  the  material  for  rapid  handling  by  the  shovels 
a  combination  of  bank  and  toe  holes  is  used  to  prepare  the  ground  for  the 
powder  charge.     The  bank  holes  are  put  down  by  churn  drills.     Collar 


B.  -  TOt  l\OLtS> 
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Fig.  8. — System  of  baxk  holes. 

casing,  in  lengths  of  5  to  8  ft.  (1.5  to  2.4  m.),  is  alwa3's  used  and  it  is 
occasionally  necessary  to  case  20  ft.  (6  m.)  or  more  when  the  material 
tends  to  ravel.  The  casing  is  driven  with  the  string  of  tools.  The  toe 
holes  are  put  in  with  the  Burley  machines.  The  average  footage  per 
shift  for  the  air  drills,  in  all  classes  of  ground,  is  27  feet. 

The  arrangement  of  the  holes  on  estabhshed  benches  of  60-ft.  height  is 
given  in  Fig.  8.     The  system  is  not  rigidly  followed,  the  holes  usually 
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being  placed  to  conform  with  the  shape  and  hardness  of  the  bank.  With 
the  system  illustrated,  the  toe  holes  are  depended  on  to  give  the  required 
bench  advance  at  the  toe  and  to  maintain  a  level  bench  floor.  The  func- 
tion of  the  bank  holes  is  to  slope  the  bank,  lessen  the  burden  on  the  toe 
holes,  and  to  make  the  bank  safe  for  the  shovel  to  go  under.  A  slope  of 
50°  is  considered  desirable  and  is  maintained  as  nearly  as  is  practicable. 
In  breaking  the  ground  for  undercutting  to  establish  the  5270-ft.  bench 
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Fig.  9. — System  of  undercutting. 


45  ft.  below  the  5315-ft.  level,  the  work  was  done  in  sections  of  25  ft.  and 
20  ft.  An  illustration  of  the  25-ft.  section  wall  describe  the  method  used. 
First,  three  rows  of  churn-drill  holes  C,  D,  E,  Fig.  9,  were  put  down 
5  ft.  below  grade,  or  30  ft.,  at  regular  spaced  intervals  of  20  ft.  each  way. 
The  loading  track  for  the  first  downcut  was  placed,  approximately,  16  ft. 
from  the  C  row,  or  just  far  enough  away  not  to  be  disturbed  by  the  blast- 
ing. These  three  rows  of  holes  were  then  blasted  and  the  first  cut,  approxi- 
mately 8  ft.  6  in.  in  depth  and  close  to  50  ft.  in  width  (this  being  the 
maximum  depth  and  width  of  cut  possible  with  the  shovel)  was  taken. 


262  STEAM-SHOVEL    OPERATION  AT  BISBEE,   ARIZONA 

The  loading  track  was  put  in  the  bottom  of  the  fii'st  cut  and  the  second 
8  ft.  6  in.  was  taken.  Then  row  B  was  drilled  and  blasted  and,  with  the 
loading  track  in  the  second  cut,  the  third  drop  cut  was  made.  In  order 
to  allow  time  for  drilling  the  next  section,  a  row  of  holes  A  and  G  was  put 
down  and  shot  and  a  cut  taken  on  each  side  of  the  third  cut. 

In  the  undercutting  just  described,  practically  all  the  powder  was 
confined  in  the  bottom  of  the  holes;  only  enough  powder  was  placed  in  the 
barrel,  about  12  ft.  from  the  top,  to  shatter  the  collar.  Excellent  results 
were  obtained  by  the  use  of  this  method;  2.19  soUd  yards  (1.8  cu.  m.) 
per  pound  of  powder  were  secured  in  breaking  the  material  and  1144 
solid  yards  per  8-hr.  shovel  shift  were  loaded  in  moving  a  total  of  approxi- 
mately 450,000  yd.  (344,000  cu.  m.). 

It  has  been  the  general  opinion  that  shooting  the  full  depth  of  two 
or  more  cuts  is  wasteful  of  powder  and  that  the  lower  cuts  would  be  so 
consolidated  by  the  time  they  were  reached  that  it  would  require  a 
second  shaking  up  with  the  powder  before  shoveling.  It  has  been 
demonstrated  that,  in  certain  cases  at  least,  the  powder  results  are 
satisfactory  and  that  the  ground  was  well  prepared  for  the  shovel. 
The  advantage  of  shoveling  in  eliminating  delays  is  obvious  and  of 
great  importance. 

The  following  table  gives  the  average  yearly  performance  of  churn 
drills,  in  feet  per  8-hr.  shift,  and  cost  per  foot : 

Year  Feet  peb  Shift  Cost  pee  Foot 

1918 12.5  $1.74 

1919 20.0  1.14 

1920 24.2  0.94 

1921  (9  mo.) 31.2  0.55 

Blasting. — Bank  holes  are  sprung  heavily  to  take  a  charge  of  from 
300  to  800  lb.  (136  to  363  kg.)  of  powder,  depending  on  the  nature  of  the 
ground;  Cordeau  Bickford,  an  exploding  fuse,  is  used  as  a  detonator. 
The  end  of  the  fuse  is  weighted  and  lowered  to  the  bottom  of  the  hole 
before  the  charge  is  put  in  and  about  1  ft.  of  it  is  allowed  to  project  from 
the  hole.  The  charge  is  then  poured  in  and  the  hole  filled  to  the  collar 
with  screened  dirt.  The  fuse  is  set  off  by  a  No.  8  cap  on  the  exposed 
end,  detonated  by  a  hand  dynamo,  or  blasting  box. 

The  toe  holes  are  sprung  to  take  a  charge  of  from  75  to  150  lb.  (34  to 
68  kg.)  of  explosive  and  are  loaded  and  fired  in  strings,  the  number  of 
holes  depending  on  conditions.  Loading  has  been  made  safer  and  faster 
by  the  use  of  brass  tubes  through  which  the  powder  is  introduced;  the 
tubes  are  removed  before  blasting.  Two  electric  blasting  caps  are 
placed  in  each  charge,  each  separately  connected  in  parallel  to  a  pair  of 
heavy  lead  wires.  The  holes  are  tamped  with  fine  material.  The 
charge  is  fired  by  electricity  from  the  regular  power  circuit  on  the  hill. 
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Under  the  system  described,  the  loading  track  is  laid  in  to  an  average 
distance  of  30  ft.  (9  m.)  from  the  unbroken  toe  before  the  toe  holes  are 
fired.  If  the  toe-hole  blast  is  normal,  the  broken  material  will  fill  the  pit 
without  covering  the  track.  The  shovel  first  cleans  up  the  toe-hole 
material,  then  it  advances  and  faces  up  the  bank  as  far  as  it  can  reach 
until  the  jackarms  are  opposite  the  bank  holes.  It  then  backs  up  40 
or  50  ft.  and  the  bank  hole  is  shot  into  the  pit.  The  shovel  then  advances 
again,  cleans  up  the  muck  from  the  bank-hole  blast,  and  trims  the  bank. 
The  work  thus  progresses  throughout  the  cut,  the  toe  holes  being  fired 
in  strings  ahead  of  the  shovel  and  the  bank  holes  one  at  a  time  into  the 
pit.  Considerable  shovel  time  is  lost  when  blasting  bank  holes,  an 
average  of  40  min.  being  required  for  each  blast. 

The  method  just  described  is  the  one  also  used  on  the  45-ft.  benches, 
the  bank  or  slope  holes  being  put  down  between  27  and  30  feet. 

On  the  30-ft.  benches,  toe  holes  will  be  ehminated  and  bank  holes, 
drilled  5  ft.  below  grade,  will  be  used.  These  holes  will  be  drilled  and 
shot  in  series,  well  in  advance  of  the  shovels.  This  method  will  give  good 
powder  results  and  will  avoid  shovel  delays  due  to  blasting,  which  has  been 
one  of  the  most  serious  problems  to  contend  with  on  the  higher  banks. 

In  general  blasting  operations,  it  may  be  said  that  distributing  the 
powder  uniformly  through  the  ground  would  make  finer  breaking  and 
would  save  delays  in  shoveling.  However,  the  comparative  cost  of  drilling 
and  loading  holes  bored  by  churn  drill  or  air  drill  must  be  balanced  in 
deciding  on  a  method  of  shooting. 

The  height  of  bank  affects  both  methods  of  shooting  and  shovel 
results.  High  banks  are  to  be  avoided  and,  if  the  ground  is  hard,  30  ft. 
is  the  hmit;  softer  banks  may  be  permitted  at  greater  height.  In  shovel- 
ing, the  work  is  safe  with  a  bank  that  can  be  reached  and  trimmed  with 
the  dipper.  It  has  been  demonstrated  that  with  a  30-ft.  bank  more  cars 
can  be  loaded  for  every  6-ft.  advance  of  the  shovel  than  on  a  60-ft.  bank. 
Also,  if  there  is  a  mixture  of  ore  and  waste,  sorting  can  be  better  done 
on  lower  banks. 

In  the  above  work,  a  gelatine  40  per  cent,  powder,  IJ^  by  8  in.  sticks, 
was  used  in  springing  holes  and  shooting  boulders.  Both  nitro-starch 
and  ammonium-nitrate  powders  have  been  used  in  bank  and  toe  holes. 
The  selection  of  a  powder  to  use  depends  largely  on  the  nature  of  the 
ground  and  the  results  obtained,  in  terms  of  yards  broken  per  pound  and 
cost  per  yard.  The  following  figures  give  the  powder  efficiency,  in  terms 
of  solid  yards  per  pound  of  powder  used,  and  the  cost  per  yard  broken: 

Yeab  Solid  Yabdb  per  Pound  Cost  peb  Yard 

1918 1.43  $0,158 

1919 1.72  0.115 

1920 ■  1.97  0.100 

1921 2.12  0.101 
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Shoveling 

The  operating  crew  consists  of  nine  men:  engineer,  craneman,  fire- 
man, and  six  pitmen.  The  loading  capacity  of  the  shovels  in  favorable 
material  has  never  been  reached.  The  record  8-hr.  shift  is  124  cars, 
or  about  2350  solid  cubic  yards.  The  following  table  gives  the  average 
yards  per  shovel-shift,  gallons  of  fuel  oil  per  j^ard,  and  the  cost  per 
solid  yard: 

1918  1919  1920  1921 

Solid  yards  per  8-hr.  operating  shift 582  828  769  1038 

Gallons  of  fuel  oil  per  solid  yard 0.81  0.65  0.60        0.56 

Cost  per  solid  yard $0,236  $0,181  $0,157  $0,130 

Haulage 

The  broken  material  is  separated  into  four  products,  as  follows: 
Direct  smelting  ore,  milhng  ore,  leaching  ore,  and  waste.  To  date, 
waste  has  been  the  principal  material  handled,  although  small  tonnages 
of  direct  smelting  ore  have  been  shipped  to  the  smelters  at  Douglas, 
about  180,000  tons  of  milhng  ore  have  been  placed  in  stock  pending 
starting  of  the  concentrator,  and  375,000  tons  of  low-grade  ore  have  been 
placed  on  the  dump  for  heap  leaching. 

In  the  earlier  stages  of  the  operation,  it  was  necessary  to  locate  waste 
dumps  on  adjacent  hillsides.  Although  the  distance  was  comparatively 
short,  the  haul  was  against  23^-^  per  cent,  grade  and  proved  expensive. 
Later,  plans  were  made  to  establish  a  dump-site  north  of  the  town  of 
Warren,  which  would  provide  ample  room  for  all  future  waste.  Although 
this  site  necessitated  a  longer  haul,  the  grades  were  favorable  to  loads. 
Nearly  all  of  the  waste  was  taken  to  this  dump  in  1921,  at  a  material 
saving  in  transportation  cost,  as  indicated  b}^  the  comparison  shown  below. 
After  the  concentrator  starts,  the  smelting  and  leaching  ores  will  be  taken 
to  the  crushing  plant,  located  at  the  concentrator,  to  be  crushed  before 
leaving  for  their  respective  destinations. 

The  following  table  gives  the  cubic  yards  hauled  per  locomotive  shift, 
the  gallons  of  fuel  oil  used  per  yard,  and  the  cost,  including  the  mainten- 
ance of  the  dumps: 

1918  1919  1920  1921 

Solid  yards  per  8-hr.  operating  shift 237  338  361  450 

Gallons  fuel  oil  per  solid  yard 1 .45        0.95         1 .03        0.87 

Cost  per  solid  yard $0,333     $0,239     $0,254     $0,177 

Dump  Maintenance 

In  the  early  stages  of  operation,  the  dumps  located  on  nearby  hillsides 
were  comparatively  small,  necessitating  frequent  moving  of  tracks  and 
consequent  excessive  labor  costs.     With  the  establishment  of  the  large 
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dump  near  Warren,  which  will  have  a  face  approximately  3^  mi.  (0.8  km.) 
in  length  and  an  average  depth  of  100  ft.  (30  m.),the  cost  of  dump  main- 
tenance should  be  materially  reduced. 

Sampling 

The  banks  arc  sampled  in  25-ft.  blocks  along  the  toe,  in  advance  of  the 
shovel,  to  furnish  some  estimate  of  the  probable  grade  of  the  material,  and 
to  aid  the  sampler  in  making  the  separation.  The  critical  samples  are 
taken  from  the  cars  while  the  train  is  loading  at  the  shovel.  The  sampler, 
an  American,  works  on  top  of  the  train,  using  a  round-pointed  shovel 
and  throwing  the  sample  into  a  portable  bin  on  the  ground  beside  the 
track.  A  Mexican  helper  breaks  up  the  sample  and  shovels  it  through 
a  l^i-in.  spHtter  with  three  banks,  which  reduces  it  to  one-eighth  its 
original  size.  Two  bins  are  provided  so  that  the  work  can  be  continuous. 
When  the  train  is  ready  to  leave  the  shovel,  the  sample  has  been  taken 
and  it  is  only  necessary  to  shovel  the  sample  from  the  last  car  through  the 
splitter,  sack  it,  and  send  to  the  assay  office.  About  500  lb.  (227  kg.) 
of  sample  are  taken  from  each  train  of  six  cars,  of  which  about  60  lb. 
(27  kg.)  reach  the  assay  office. 

The  assay  plant  is  built  on  two  cars,  so  that  it  can  be  moved  easily 
and  kept  as  near  as  possible  to  the  ore  shovels.  One  car  contains  the 
crushing  plant:  jaw  crusher,  rolls,  splitter,  electric  hot  plate  for  drying, 
a  disk  pulverizer,  and  a  fan  with  pipe  connections  to  take  all  the  dust  from 
hoods  over  the  machines  and  to  the  outside.  The  other  car  contains  the 
laboratory  equipment:  balance,  hot  plate,  sink,  filter  stand,  and  colori- 
metric  machine.  The  cars  are  both  the  same  size,  12  by  26  ft.,  and  there 
is  ample  room  for  the  plant  described. 

All  assays  are  by  the  colorimetric  method  and  only  coppers  are  run. 
Each  day  composites  are  made  up  of  all  the  ore  samples  and  sent  to 
the  main  laboratory  to  be  checked  by  the  KI  method.  On  the  average, 
results  from  the  two  methods  agree  within  5  percent,  on  the  total  copper. 
The  assay  plant  is  operated  by  one  man  who  does  all  the  bucking  and 
assaying  and  exercises  a  certain  amount  of  control  over  the  trains. 

Material  loaded  by  the  shovels  is  classified  and  separated  into  four 
products:  smelting  ore,  milling  ore,  leaching  ore,  and  waste.  With  the 
aid  of  the  toe  samples,  the  smelting  ore  and  most  of  the  milling  ore  are 
recognized  by  the  sampler  on  sight;  and  in  all  cases  where  he  is  sure  he 
gives  a  train  disposition  ticket  to  the  brakeman  when  the  train  leaves  the 
shovel.  The  dividing  line  between  milling  ore  and  leaching  ore,  and  that 
between  leaching  ore  and  waste,  however,  cannot  be  determined  with 
sufficient  accuracy  by  sight  alone.  If  the  sampler  is  not  sure,  he  does 
not  give  the  brakeman  a  disposition  ticket,  but  marks  his  sample  ticket 
"set  out,"  rushes  the  sample  to  the  assay  office,  and  leaves  it  up  to  the 
assayer.     All  trains  pass  over  the  Lowell  switch  on  the  way  to  the  dumps. 
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If  the  brakeman  has  no  disposition  ticket,  the  train  is  held  on  a  siding 
until  released  by  the  assayer  after  the  sample  has  been  assayed.  The 
switchtender  at  Lowell  then  issues  the  disposition  ticket,  without  which 
the  train  cannot  be  dumped,  and  the  train  goes  to  the  proper  dump. 
Actual  delay  to  "set  out"  trains  at  Lowell  will  average  about  11  min.  and 
all  errors  in  disposition  can  be  avoided. 

Equipment  Used 

Churn  Drills 

Seven  Sanderson  Cyclone  drills,  having  a  spudder  motion,  are  in  use. 
They  are  driven  by  single-cylinder  gasoline  engines  rated  at  18  hp.  and 
are  self-propelling.  The  crown  sheave  is  32  ft.  above  the  ground  and  the 
maximum  combined  length  of  the  bit,  stem,  and  rope  socket  is  26  ft., 
allowing  the  bit  to  be  lifted  6  ft.  above  the  ground.  The  complete  string 
of  tools  weighs  approximatelj^  1300  lb.,  and  the  maximum  fall  when  strik- 
ing is  28  in.  Standard  bits  are  of  dumbbell  section  5-in.  material  dressed 
out  to  give  a  5.875  in.  (149  mm.)  bit  of  reamer  type. 

Air  Drills 

The  equipment  consists  of  fifteen  heavy  air  drills,  all  Sullivan  piston 
or  "Burley  "  model  with  3.25-in.  (82.5  mm.)  pistons,  and  a  stroke  of  about 
6  in.  They  operate  on  85  lb.  of  air  pressure  supplied  from  the  central 
power  plant.  Round  steel,  1.375  in.  in  diameter,  is  used  with  a  change 
interval  of  2  ft.  and  a  maximum  length  of  23  ft.  Standard  starters  are 
3  ft.  long  with  a  gage  of  3.125  in.,  the  gage  decreases  0.1875  in.  with  each 
change  throughout  the  set_of  eleven  drills,  the  smallest  bit  being 
1.5  inches. 

Plugger  Drills 

Eighteen  SuUivan  Plugger  drills.  Type  D.  P.  33,  are  in  service  for 
trimming  banks,  breaking  boulders,  and  drilling  high  places  in  the  floor 
of  the  pit. 

Steam  Shovels 

Seven  shovels  are  regularly'  used  for  loading  the  broken  material. 
They  are  all  the  Bucyrus  Co.,  Model  88  C,  which  are  standard  machines 
designed  for  such  work.  They  weigh  103  tons,  are  equipped  with  3.5- 
yd.  dippers,  locomotive  boilers,  and  use  saturated  steam  at  125  lb.  gage 
pressure.  The  maximum  lift  is  about  75,000  lb.  Main  hoist-engine 
cylinders  are  12  by  15  in.  and  the  swing-engine  cylinders  8.5  by  8  inches. 

Due  to  the  hard  ground  and  the  high  banks,  considerable  damage 
was  done  to  the  main  frames,  so  all  had  to  be  reenforced  over  the  front 
trucks.     Also,  the  size  of  the  A-frame  legs  was  increased  from  6  to  7  in. 
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It  is  proposed  in  the  future  to  equip    all    shovels    with    locomotive- 
type  superheaters. 

Locomotives 

Fifteen  locomotives  are  in  use,  all  manufactured  by  the  Porter  Co. 
They  have  four  wheels,  all  drivers,  a  wheel  base  of  7  ft.  6  in.,  and  are  of 
the  saddle-tank  type.  Three  use  saturated  steam,  weigh  106.000  lb., 
and  can  exert  a  tractive  force  of  20,436  lb.  The  remaining  twelve  have 
superheater  equipment,  weigh  109,000  lb.  and  have  a  tractive  force  of 
23,063  lb.     All  use  a  gage  pressure  of  175  pounds. 

Dump  Cars 

Seventy-five  all-steel  dump  cars,  built  by  the  Western  Wheeled  Scraper 
Co.,  are  in  use.  Fifty  have  a  rated  capacity  of  20  cu.  yd.  and  weigh 
about  55,400  lb.  each.  The  remaining  cars  have  a  rated  capacity  of 
25  cu.  yd.  and  weigh  about  60,700  lb.  each.  These  cars  dump  and 
right  themselves  by  compressed  air,  the  door  rising  as  the  car  dumps 
over,  allowing  the  broken  material  to  slide  out  underneath. 

Water  Softener 

The  question  of  suitable  water  for  the  boilers  was  important.  At 
first,  the  city  water  was  used  without  treating,  but  the  resulting  scale 
and  sludge  greatly  reduced  the  boiler  efficiency.  The  problem  was 
satisfactorily  solved  by  treating  water  from  the  Junction  mine,  contain- 
ing 43  soap  degrees  of  hardness,  by  the  Reisert  barium-carbonate  process. 
The  hardness  was  reduced  to  7  or  8  degrees  with  practically  all  the  sulfates 
removed  and  the  product  was  a  first-class  boiler  water. 

Electric  Welder 

One  of  the  great  time  and  money  savers  on  the  job  is  the  Westinghouse 
electric- welding  outfit.  This  is  a  60-volt,  300-amp.,  portable  machine, 
using  metalHc  electrodes.  It  is  used  for  welding  all  kinds  of  breaks, 
such  as  engine  frames,  dipper  bails,  drawheads,  swing  circles,  flues,  etc., 
and  in  building  up  old  dipper  fronts.  The  results  have  been  very  satis- 
factory and  the  outfit  is  considered  a  necessity. 

Powder  Car 

To  provide  a  safe  means  of  transporting  powder  from  the  magazine 
to  the  hill,  an  armored  car  built  especially  for  this  work  is  used.  It  is 
built  of  wood  reenforced  by  3^  in.  steel.  It  is  9  ft.  3  in.  wide  by  22  ft. 
long  and  is  built  on  regular  railroad-car  trucks. 
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Wrecker 

For  lifting  heavy  castings,  moving  tracks,  bad  derailments,  and  for 
general  steam-shovel  repair  work,  a  wrecker  made  by  the  Link-Belt  Co. 
is  used.  It  is  self-propeUing,  has  a  46-ft.  boom,  and  has  a  lifting  capacity 
of  20  tons  on  a  12-ft.  radius. 

General 

In  starting  a  large  shovel  job,  heavy  costs  are  to  be  expected  while 
building  up  an  organization;  in  this  case,  the  troubles  were  increased  by 
the  shape    of   the    hill    and  the  difficulties  of  getting  the  first  benches 
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removed.  The  improvements  in  costs  and  increase  in  efficiency  are  due 
both  to  improvement  in  the  physical  condition  of  the  ground  handled  and 
the  development  of  a  good  working  organization.  The  paramount  factor 
in  an  organization  is  efficient  cooperation.  The  spirit  of  cooperation  and 
the  incentive  to  efficiency  have  been  given  the  foremen,  bosses,  and  men 
by  the  posting  of  graphic  charts  giving  the  daily  cost  and  labor  efficiencies 
in  all  departments.  Another  factor  is  the  labor  bonus  based  on  the 
yardage  per  man-shift  whereby  every  employee  benefits  on  a  percentage 
basis.  Fig.  10  gives  the  essential  points  of  the  organization  and  the 
following  table  gives  the  number  of  solid  cubic  yards  moved  per  man- 
shift and  the  labor  costs  per  yard: 

1918  1919  1920  1921 

Solid  yards  moved  per  man-shift 7.84       11.74       12.02       15.28 

Cost  per  solid  yard,  labor $0,590    $0,387    $0,419    $0,312 
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The  following  table  gives  the  average  yearly  cost  per  solid  yard: 

1918              19iy              1920  1921 

Breaking  ground $0,357     $0,239  $  0.214  $0,173 

Steam  shovels 0.236      0.181       0.157  0.130 

Haulage  expense 0.333      0.239      0.254  0.177 

Dump  expense 0.040      0.031       0.031  0.023 

Miscellaneous  expense 0 .  008      0 .  008      0 .  027  0 .  016 

Total 0.974       0.698       0.683  0.519 

Monthly  labor  bonus 0.004      0.023  0.029 

Total,  direct 0.974      0.702       0.706  0.548 
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The  Aztec  Mine,  Baldy,  New  Mexico 

Br  Charles  A.  Chase,*  Denver,  Colo.,  A^rD  Douglas  MuiR,t  Simon,  Nev. 

(San  Francisco  Meeting,  September,  1922) 

The  Aztec  mine  is  not  widely  known,  by  reason  of  its  isolation  and  the 
relative  insignificance  of  its  tonnage;  financially,  however,  it  has  an  envi- 
able record  and  geologically  it  is  extremely  interesting. 

The  town  of  Baldy,  Colfax  County,  the  mine  camp,  at  an  elevation 
of  10,000  ft.  (3048  m.)  is  8  mi.  west  of  Ute  Park,  the  terminus  of  a  branch 
of  the  A.  T.  &  S.  F.  Ry.  The  mining  tract  was  designated  by  the 
Maxwell  Land  Grant  Co.  as  the  Aztec  Reservation,  and  lies  on  the 
east  slope  of  Mt.  Baldy,  the  summit  of  which,  12,491  ft.  (3807  m.),  is 
one  of  the  highest  in  the  state. 

Rich  copper  float  was  found  on  the  northeast  slope  of  the  mountain 
in  1865,  and  discovery  work  was  begun  the  next  year.  At  the  same  time, 
gold  placers  were  found  on  Willow  Creek,  on  the  southwest  side  of  the 
mountain,  and  the  Elizabethtown  settlement  followed  shortly.  Gold 
washing  lasted  many  years.  In  1867,  placer  gold  was  found  also  on  Ute 
Creek,  the  tracing  of  which  to  its  source  led  to  the  locating  of  the  Aztec 
mine  by  Lynch,  Dogherty,  and  Fosley  in  the  following  year. 

The  early  production  came  from  the  contact  of  shale  and  sandstone 
or  from  sandstone  immediately  above  the  contact.  Exact  record  of  pro- 
duction is  lacking,  but  L.  C.  Graton^  gives  estimates  ranging  between 
$1,250,000  and  $1,500,000,  of  which  about  $1,000,000  was  taken  out  in 
the  first  four  years. 

After  the  exhaustion  of  the  early  bonanza,  production  continued  inter- 
mittently until  1909,  when  the  Maxwell  Land  Grant  Co.  undertook 
systematic  development,  through  four  adits  at  intervals  of  75  ft.  verti- 
cally or  approximately  100  ft.  on  the  dip  of  the  contact,  which  was  thought 
to  contain  generally  a  quartz-pyrite  vein.  The  two  intermediate  adits 
almost  immediately  reached  ore,  the  most  southeasterly  in  Fig.  2.  This 
ore,  however,  was  not  mined  until  1911-12;  its  grade  was  about  $20  and 

*  Consulting  Engineer. 

t  Formerly  Superintendent  of  the  Aztec  Mine. 

1  Ore  Deposits  of  New  Mexico,  U.  S.  Geol.  Survey,  Prof.  Paper,  68. 
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it  was  mostly  quartz.     Adits  No.  2  and  3  were  discontinued  after  the 
ore  was  found  and  Nos.  1  and  4  were  then  driven. 

Late  in  1911,  the  southeasterly  orebody  on  No.  4  level  was  reached. 
This  was  typically  silicification  and  enrichment  of  flat-lying  beds  of  sand- 
stone from  narrow  and  steep  fractures;  shaly  layers  in  the  sandstone 
seemed  to  account  for  vertical  localization  of  the  enrichment.  The  type 
was  like  that  of  enrichment  in  flat  beds  in  the  Black  Hills  of  South 
Dakota,  except  that  the  verticals  were  fainter  and  the  beds  less  subject 
to  replacement.  Development  northwesterly  provided  a  meager  ore 
supply  into  1914. 

In  that  year,  it  was  decided  to  cross-cut  from  No.  4  level  to  the  old 
workings  lying  to  the  west  and  shghtly  above  the  level.  This  work  almost 
at  once  opened  a  bonanza,  consisting  mainly  of  altered  shale  enriched 
with  free  gold  to  a  value  of  $50  to  $100  per  ton;  80  to  90  per  cent,  of  the 
gold  could  be  amalgamated  and  another  5  to  10  per  cent.,  with  a  little 
pyrite,  was  readily  caught  on  a  Wilfley  table.  Although  this  new  orebody 
was  only  500  ft.  distant  from  the  old  workings,  its  discovery,  by  down- 
ward prospecting  along  the  contact,  would  have  been  delayed  by  the 
presence  of  folds  and  water-bearing  fissures  in  the  intervening  barren 
ground.  Subsequent  development  of  this  orebody  has  failed  to  find 
the  slightest  continuity  with  any  other  ore,  and  it  shows  no  indication  at 
the  surface. 

From  1912  to  1920,  the  mine  produced  $1,680,718  in  bullion,  varying 
from  856  to  889  fineness  in  gold  and  105  to  142  in  silver,  and  $243,079  in 
concentrates.  Shortly  after  the  discovery  of  the  bonanza,  the  cost  of 
producing  gold  was  as  low  as  $2  per  ounce,  but  in  1919  it  rose  to  $13.50 
because  of  the  large  amount  of  timbering  required  and  other  oper- 
ating diflaculties. 

In  addition  to  our  own  conclusions,  gained  by  several  years'connection 
with  the  mine,  the  one  as  consulting  engineer  and  the  other  as  superin- 
tendent, we  have  the  advantage  of  observations  recorded  by  a  number  of 
other  investigators.  L.  C.  Graton^  studied  the  district,  in  1905,  for  the 
Geological  Survey.  In  1916,  Edward  H.  Perry  and  Augustus  Locke 
reported  on  the  geological  conditions  at  the  mine.  In  1918,  O.  H.  Her- 
shey  made  a  study  of  the  faulting  systems  and  the  ore  occurrence.  In 
the  following  description,  dealing  principally  with  the  geological  features 
of  the  Aztec  mine,  in  addition  to  our  own  observations  we  have  drawn 
freely  from  the  written  reports  of  these  engineers. 

Geology  and  Mineralization  of  District 

As  described  by  Mr.  Graton,  the  Cimarron  Range  owes  its  elevation 
to  faulting  with  accompanying  upbending  of  the  flanking  strata.     UnHke 

2  Ov-  <^ii' 
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most  of  the  high  ranges  in  the  northern  part  of  New  Mexico,  its  crest 
consists  of  sedimentary  strata,  although  the  pre-Cambrian  basement  is 
exposed  in  places.  The  sedimentary  rocks  belong  chiefly  to  the  Cretace- 
ous and  are  broadly  divisible  into  Dakota  (?)  sandstone,  Colorado, 
Montana,  and  Laramie  (?).  Cutting  the  Cretaceous  rocks  are  numerous 
intrusive  masses  of  monzonite  porphyry,  which  in  many  places  is  quartz- 
bearing.  The  faulting  occurred  at  the  close  of  the  Cretaceous  and  was 
accompanied  or  closely  followed  by  the  intrusion  of  porphyry. 

The  primary  gold  deposits  are  of  two  types :  quartz  veins  and  contact- 
metamorphic  deposits  in  calcareous  sedimentary  rocks;  most  of  the  gold 
has  been  obtained  from  the  former.  These  veins  are  closely  associated 
with  intrusions  of  porphyry  but,  owing  to  the  abundance  of  sedimentary 
rocks,  many  veins  appear  to  be  wholly  contained  in  them.  A  common 
position  for  these  veins  seems  to  be  at  the  contact  of  sills  of  porphyry 
with  shales  of  Colorado  and  Montana  age;  several  such  veins  are  known 
on  the  Baldy  side  of  the  mountain,  notably  the  Rebel  Chief  group. 
These  veins  and  those  hke  the  Aztec  vein,  which  occur  between  the 
Montana  shales  and  the  Laramie  (?)  formation,  are  locally  spoken  of  as 
contact  veins.  While  they  do  actually  lie  at  the  contact  of  different 
rocks,  their  position  is  probably  due  solely  to  the  fact  that  fractures 
formed  more  readily  at  such  places.  These  veins  apparently  differ 
not  at  all  from  those  that  do  not  occur  at  contacts,  and  it  is  probable 
that  the  character  of  the  veins  is  not  influenced  by  the  fact  that  their 
walls  are  of  different  materials.  In  composition,  these  are  essentially 
quartz-pyrite  veins.  Unquestionably,  the  veins  have  some  relation  to 
the  porphyry  and  probably  represent  products  derived  at  slightly  later 
time  from  the  same  source  as  that  of  the  porphyry.  In  other  words, 
the  ore-bearing  solutions  are  believed  to  be  the  final  product  of  magmatic 
differentiation,  the  most  abundant  and  characteristic  product  of  which 
was  monzonite  porphyry. 

The  contact-metamorphic  deposits  are  fewer  in  number,  and  have 
produced  less  than  the  veins.  They  occur  in  sedimentary  rocks  at  or  near 
the  contact  with  quartz-monzonite  porphyry.  The  metamorphic  effects 
are  different  in  different  deposits  and  are  probably  dependent  on  the 
chemical  character  of  the  sedimentary  rocks.  In  the  Ajax  deposit,  the 
original  rock  was  probably  a  calcareous  shale. 

/  Structural  Geology  at  Aztec  Mine 

Mr.  Hershey  describes  the  structural  geology.  The  original  plane  of 
division  (locally  known  as  the  contract)  between  the  sandstone  series 
and  the  Montana  shale,  in  places,  remains  in  its  original  condition,  but 
generally  there  has  been  shpping  of  the  rigid  sandstone  over  the  soft 
shale,  producing  at  the  top  a  thin  gouge  or  selvage  of  6  to  8  in.  of  soft 
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crushed  shale.  Where  there  has  been  no  actual  displacement,  that  is, 
cutting  across  of  the  beds,  the  contact  is  regarded  as  original.  He 
recognizes  two  main  periods  of  faulting,  Fig.  1.  The  first  period  produced 
a  group  of  faults  of  relatively  small  displacement.  While  they  fault  the 
sandstone,  they  do  not  penetrate  deep  into  the  underlying  shales,  but 
curve  to  low  dips  and  practically  follow  the  original  contact.  The 
second  period  produced  two  notable  faults  of  large  displacement,  called 
the  Aztec  and  the  Lyons  fault.  The  former  dips  northeastward  from 
20°  to  45",  generally  about  35°.  Nearly  everywhere  it  has  a  thick,  soft 
gouge  under  a  hard  sandstone  roof.  The  shales  under  it  have  been 
partly  crushed  to  a  depth  of  several  feet.  In  places  the  disturbed  zone 
contains  large  fragments  of  sandstone  under  the  main  gouge.  In  Fig.  1, 
it  appears  that  the  displacement  on  the  plane  of  the  Aztec  fault  has  been 
about  550  ft.  (167  m.) .  The  Lyons  fault,  as  exposed  in  the  Ponil  workings, 
is  accompanied  by  a  black  gouge  and  dips  northeastward  at  35°.  It  is  a 
normal  fault  and  appears  to  have  a  displacement  of  450  ft.  (137  m.). 
Grooving  and  striation,  observed  on  both  fault  planes,  is  practically 
straight  down  the  dip. 

The  Aztec  Orebodies 

Mr.  Hershey  distinguishes  three  types  of  ore  deposits,  probably 
formed  at  three  distinct  periods.  The  first  is  the  so-called  "shale  ore." 
This  is  remarkable  for  its  high  gold  content,  whereas  contact-metamor- 
phic  ore  deposits  usually  carry  gold  in  relatively  small  quantities.  A 
somewhat  similar  deposit  appears  to  occur  at  the  Ajax  mine  on  the  south- 
western slope  of  Mt.  Baldy.  There  the  gold  is  distributed  through  a 
dark,  heavy,  finely  granular  rock,  consisting  of  nearly  colorless  pjTOxene, 
amphibole,  epidote,  magnetite,  a  little  zoisite,  scapolite,  and  specularite. 
The  Aztec  shale  ore  is  a  dark  green,  heavy,  finely  crystalline  rock  in 
which  the  microscope  might  show  the  same  minerals  as  are  present  in 
the  Ajax  ores.  In  the  field,  the  Aztec  ore  seems  to  consist  of  greenish 
grains  that  may  be  zoisite  or  a  small  green  garnet;  there  is  also  consider- 
able calcite  in  places.  The  gold  is  embedded  in  the  green  mass  in  ragged 
grains  up  to  nugget  size,  which  can  often  be  seen  with  the  unaided  eye. 
There  is  little  P3^rite  or  other  sulfide  present.  The  ore  occurs  at  the 
original  contact  or  a  few  feet  below  it  and  has  been  involved  in  the 
crushing  of  the  shale,  for  it  abounds  in  curved  slickensided  faces  with  a 
greasy  feel.     Underground,  it  is  difficult  to  distinguish  from  the  shale. 

The  second  type  of  mineralization  is  that  accompanying  faults  Nos. 
2  and  3,  Fig.  1.  Its  essential  minerals  are  calcite  and  pyrite.  The  ore 
occurs  in  seams  and  bunches  scattered  through  a  zone  of  broken  ground 
accompanying  the  fault  gouge.  Other  carbonates,  such  as  rhodochro- 
site,  may  be  present  and  probably  a  httle  quartz.  Much  of  the  pyrite  is 
coarsely  crystalHzed  and  there  may  be  a  small  amount  of  chalcopyrite 
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with  it,  but  this  is  not  easily  recognized  underground.  The  gold  content 
runs  from  $8  to  $50.  The  metal  is  fine  grained  and  not  visible.  Where 
these  fault  veins  lie  at  low  angles,  practically  coinciding  with  the  shale- 
ore  lenses,  the  gold  content  is  relatively  high.  Good  ore  continues  up 
along  the  fault  into  the  sandstone  but  gradually  weakens.  Down  the  dip 
from  the  shale-ore  lenses,  the  fault  veins  contain  much  pyrite  but  little 
gold,  and  soon  pass  into  non-commercial  sections.  These  facts  lead  to 
an  inference  that  the  mineral-bearing  solutions  ascended  along  the  fault 
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Fig.  2. — Plan  op  Aztec  gold  mine. 


veins  and  that  they  derived  their  gold  from  the  shale  ore.  Hence  fault 
veins  that  do  not  touch  shale  ore  are  not  likely  to  carry  commercial 
ore;  and  if  a  fault  vein  is  found  to  carry  commercial  ore,  it  may  indicate 
the  presence  of  shale  ore  somewhere  down  along  the  dip. 

The  third  type  of  deposit  is  genetically  connected  with  Aztec,  Lyons, 
and  other  faults  of  that  system.  It  occurs  almost  exclusively  in  sandstone 
and  its  most  characteristic  mineral  is  chalcopyrite.  The  gold  content  is 
relatively  low,  and  free  gold  is  rarely  or  never  visible.  Movement  along 
the  fault  fractured  the  relatively  brittle  sandstone,  forming  little  fissures 
in  which  the  solutions  circulated.  The  resulting  mineralized  zones  vary 
from  a  few  inches  to  many  feet  in  thickness. 
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The  orebody  at  the  extreme  uorthwest  that  was  commercially  impor- 
tant seems  to  us  to  be  of  a  different  typo  from  those  described.  It  was 
extremely  high-grade  ore  having  the  characteristics  of  contact  metamor- 
phism.  It  lay  just  between  the  contact  of  shale  with  overlying  sandstone 
partly  altered  to  quartzite,  and  though  seemingly  a  part  of  neither,  it 
extended  a  short  distance  upward  along  the  steep,  small  fractures, 
fading  away  into  the  sandstone.  Beside  massts  of  coarse  and  fine 
native  gold,  this  ore  contained  quartz,  limonite,  garnet,  pjTOxene,  and 
other  silicates,  a  little  pyrite  and  chalcopyrite  and  alwaj^s  an  appreciable 
amount  of  bismuth  telluride.  The  latter  mineral,  tetradymite,  was 
identified  by  A.  J.  Weinig.  Native  gold  in  coarse  particles  was 
embedded  in  it,  yet  practically  uncombined  with  tellurium.  The  gold 
amalgamated  readily.  A  similar  occurrence  of  ore  having  the  same 
mineral  components  and  apparently  derived  by  similar  processes  at 
Dolcoath  mine  in  the  Elkhorn  mining  district,  Montana,  is  described 
by  W.  H.  Weed.3 

The  quartzite  close  to  the  ore  is  hard,  glassj'-  and  somewhat  stained  on 
its  fractures  with  a  brilliant  green  and  blue  film  of  very  recent  copper 
oxidation  products.  While  the  ore  is  quite  hard  and  tough,  the  shale 
beneath  it  is  soft.  It  is  barren,  strongly  iron-stained  throughout  and 
sometimes  copper-stained  in  the  uppermost  few  inches,  just  under  the 
quartzite.  The  change  from  high-grade  ore  to  barren  shale  under  it  is 
sharply  marked.  The  hardening  alteration  of  the  shale  so  pronounced 
under  the  bes  tdevelopment  of  shale  ore  is  entirely  absent  here  and  an 
opposite  condition  exists,  notwithstanding  the  presence  of  the  dioritic 
sill  and  its  much  closer  approach  to  the  shale-sandstone  contact. 

At  the  time  Mr.  Graton  visited  the  property,  the  Old  Aztec  orebody 
alone  was  known.  He  describes  the  main  underground  workings  as 
being  near  the  contact  of  the  shales  of  Montana  age  with  overlying  coal 
measures,  which  are  commonly  regarded  as  Laramie.  The  ore  is  in 
some  respects  unusual.  It  occurs  mainly  in  coarse  sandstone  just  above 
the  contact  with  the  shales  and  it  consists  of  a  number  of  veins  of  which 
a  few  are  at  the  actual  contact  with  shales  and  nearly  all  are  parallel  to 
the  bedding  of  the  rocks.  The  lode  thus  formed  strikes  about  west-north- 
west and  has  a  variable  dip,  which  averages  about  25°  to  35°  northeast. 
A  few  veins,  which  are  apparently  branches  or  offshoots  from  the  main 
lode,  cut  upwards  almost  verticallj^  through  the  sandstone.  The  walls 
of  the  narrow  fractures  in  the  sandstone,  which  constitute  the  veins,  are 
covered  with  a  thin  layer  of  dark  material,  presumably  limonite,  and 
this  is  said  to  have  been  fairly  bristling  with  free  gold  in  the  rich  ore. 
It  seems  probable  that  this  was  once  rich  auriferous  pyrite,  which  was 
later  oxidized.     The  stopes  from  which  the  ore  of  the  main  lode  was 


3  W.  H.  Weed,  U.  S.  Geol.  Survey,  22  Ann.  Rept.,  pt,  2,  p.  506. 
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extracted  are  disconnected,  and  as  all  are  not  on  the  same  fracture  they 
overlap  in  places.  Several  of  the  stopes  of  the  main  flat  lode  extend  out 
to  the  surface  of  the  steep  hillside. 


Derivation  of  the  Orebodies 

In  describing  the  shale  ore,  the  first  of  his  three  groups,  Mr.  Hershey 
says  that  this  is  obviously  shale  which  has  suffered  contact  meta- 
morphism.  The  minerals  it  contains  are  those  formed  by  contact 
metamorphic  action.  The  causative  igneous  rock  is  not  definitely  known 
but  somewhere  a  mass  of  porphyry  may  have  been  intruded  across  the 
original  contact  and  the  metamorphism  spread  outward  from  it  along  the 
shale  layer  under  the  sandstone.  The  porphyry  may  have  been  removed 
by  erosion  or  it  may  exist  in  some  unexplored  section. 

The  dioritic  sill  that  underlies  the  principal  productive  orebodies  on 
the  No.  4  level,  and  which  is  separated  from  them  by  40  to  100  ft.  of 
much  less  altered  and  absolutely  barren  shale,  might  have  produced  the 
metamorphism;  assuming  that  the  ore  represents  a  layer  of  shale  that  was 
slightly  calcareous  and  thus  amenable  to  an  alteration  different  from  that 
of  the  non-calcareous  shale. 

At  present  it  is  known  only  that  the  shale-ore  lenses  seem  to  occur  in 
a  relatively  narrow  belt  elongated  in  a  north-northwest  direction.  The 
orebody  as  a  whole  lies  flat  but  in  detail  is  somewhat  undulating,  a  com- 
mon form  being  that  of  a  trough.  The  shale  orebody  is  much  compli- 
cated by  the  presence  of  faults  Nos.  2  and  3  and  a  fissure  running  obliquely 
between  those  faults.  Toward  the  northv/est  the  Aztec  fault  appears 
to  have  encroached  upon  the  orebody  and  perhaps  dragged  part  of  it 
down  below  No.  1  level.  At  the  extreme  northwest,  the  Aztec  fault 
seems  to  swing  sharply  toward  the  north,  thus  permitting  another  lens 
of  shale  ore  to  appear  under  it. 

In  connection  with  Mr.  Hershey 's  suggestion  that  metamorphism  may 
have  originated  in  a  porphyry  dike  on  or  intersecting  the  sandstone 
shale  contact,  it  is  worth  noting  that  diamond  drilling  did  encounter 
intrusion  at  a  point  2500  ft.  northwest  from  the  principal  orebodies  and 
lying  on  the  contact  between  the  two  sedimentary  rocks. 

Perry  and  Locke  noted  that  the  most  promising  localities  for  the 
occurrence  of  shale  ore  were  the  intersections  of  east-dipping  faults  of 
small  displacement  with  flat-lying  contacts  of  shale  and  sandstone,  includ- 
ing among  the  latter  not  only,  the  main  Montana-Laramie  contact,  but 
those  existing  at  the  boundries  of  shale  beds  within  the  sandstone. 

They  described  the  ore  as  chiefly  an  alteration  of  shale  at  or  close  to 
the  contacts  of  shale  with  overlying  sandstone.  It  is  soft  and  greenish 
gray,  consisting  largely  of  chlorite,  carrying  scattered  grains  of  pyrite 
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and  native  gold,  with  occasional  gray  metallic  specks  which  may  be 
telluride  or  selenide  of  gold.  Rhodochrosite  and  calcite  are  not  uncom- 
mon, while  the  lack  of  quartz  of  the  same  generation  as  the  ore  makes  it 
an  unusual  one. 

The  sill  of  fine-grained  porphyry,  probably  everywhere  in  the  vicinity 
of  the  principal  mine  workings  and  Ijang  40  to  60  ft.  below  the  main  con- 
tact, is  a  variety  not  known  elsewhere  here.  The  shale  underlying  the 
ore  and  overlying  this  sill  has  undergone  a  hardening  alteration,  produc- 
ing a  dark  gray  rock  lacking  in  shaly  structure  and  carrying  disseminated 
pyrite.  Whether  or  not  this  alteration  always  or  usually  occurs  under  ore 
is  not  known.  However,  the  effect  of  the  sill  is  undetermined,  although 
it  could  have  constituted  the  source  of  the  gold.  The  hardening  altera- 
tion of  the  shale  is  an  effect  and  not  a  cause  of  the  minerahzation. 

Perry  and  Locke  think  that  the  reasons  for  localization  of  the  ore  at  the 
main  shale-sandstone  contact  are  probably  complex.  Their  most  plausi- 
ble hypothesis  depends  on  the  fact  that,  while  the  shale  is  somewhat 
plastic  and  does  not  readily  maintain  open  spaces  for  the  migration  of 
solutions,  the  sandstone  is  brittle  and  does  readily  maintain  such  spaces. 
It  depends,  again,  on  the  fact  that  the  shale  is  more  readily  replaceable 
by  ore  minerals  than  the  sandstone.  According  to  this  hypothesis,  the 
sandstone  would  furnish  the  path  for  travel  of  gold,  and  the  shale  would 
furnish  the  matrix  for  its  reception.  Furthermore,  the  east-dipping 
faults  break  the  sandstone  and  the  shale.  The  extension  of  the  orebodies 
in  a  direction  parallel  with  that  of  the  faults  is  plausibly  attributed  to  the 
effect  of  the  faults  in  cracking  the  brittle  sandstone  and  crushing  the 
more  plastic  shale.  At  the  same  time,  the  dip  of  the  bedding  in  various 
parts  of  the  workings  indicates  the  possibihty  of  an  anticline  with  a 
northward  trend,  the  axis  of  which  coincides  with  the  most  productive 
part  of  the  orebody.  The  apparent  preference  of  the  ore  for  the  main 
contact  cannot  be  explained  by  any  particular  abundance  of  soluble 
minerals  in  the  shale  in  that  locality,  because  no_  such_abundance  has 
been  observed. 

It  seems  to  us  that  the  granodiorite  intrusive  has  been  one  of  the 
controlling  factors  in  ore  derivation.  The  fact  that  this  variety  of  por- 
phyry is  not  known  elsewhere  (and,  conversely,  so  far  as  known,  the  ore 
has  not  been  found  disassociated  from  it)  is  outstanding.  Coupled  with 
the  presence  of  the  sill  everywhere  in  the  shale,  under  the  ore  in  the  No.  4 
level  workings  and  over  it  in  the  Old  Aztec  workings,  there  is  a  good  frac- 
ture zone  at  each  of  these  main  orebodies.  In  neither  case  does  the  sill 
join  the  orebody  but  the  faults  of  small  displacement  do.  They  have 
crushed  and  opened  the  sandstone  above  the  original  contact,  forming 
channels  where  solutions  and  gases  could  travel.  The  hardened  shale, 
overlying  the  sill,  was  also  fractured  and  cracked,  maintaining  small 
open  spaces,  however,  to  a  much  less  degree. 
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Many  areas  of  original  contact  were  investigated  by  diamond  drilling 
and  mine  exploration.  The  only  mineralization  found  was  below  the 
Ponil  level  where  the  contact  was  slightly  folded  and  where  fracturing 
had  resulted.     Elsewhere  the  contact  was  tight  and  barren. 

In  all,  there  is  evidence  that  mineralization  has  followed  or  been 
connected  with  fracturing  and  a  little  evidence  that  fracturing  has 
followed  folding. 

Regarding  Mr.  Hershey's  second  group  of  orebodies,  the  veins  accom- 
panying faults  Nos.  2  and  3  extending  upward  from  the  No.  4  level  work- 
ings, he  thinks  the  facts  point  to  the  inference  that  the  mineralizing 
solutions  were  ascending  along  the  fracture  planes  in  the  sandstone,  having 
derived  their  gold  from  the  adjacent  and  underljdng  bodies  of  shale  ore. 
Thus  he  concludes  that  any  fault  veins  which  do  not  communicate  with 
bodies  of  shale  ore  are  unlikely  to  carry  profitable  ore;  and  conversely, 
any  fault  vein  found  to  carry  good  ore,  will,  if  followed  downward, 
probably  lead  to  a  body  of  shale  ore. 

As  to  his  third  group,  the  copper  mineralizations  in  sandstone  adja- 
cent to  the  principal  faults  and  others  of  the  same  system,  he  argues  that 
movement  along  the  faults  fractured  the  relatively  brittle  sandstone, 
forming  little  fissures  in  which  the  solutions  circulated.  The  mineralized 
zones  vary  from  a  few  inches  to  many  feet  in  thickness.  As  the  sandstone 
is  usually  over  the  fault  the  ore  rests  upon  the  gouge  or  occurs  along  seams 
over  it,  suggesting  deposition  by  descending  water;  but  when  the  sand- 
stone is  under  the  gouge,  the  same  argument  points  to  ascending  solutions. 
The  crystallized  calcite  and  chalcopyrite  are  minerals  not  often  formed  by 
descending  meteoric  waters  and  would  indicate  solutions  ascending. 


Prospecting 

Exploration  for  additional  orebodies  was  conducted  by  drifting  and 
diamond  drilling,  with  particular  attention  to  the  regions  of  original 
shale-sandstone  contact.  Of  drifting,  slope  sinking,  and  similar  work,  a 
distance  of  9883  ft.  was  accomplished  during  the  years  1918-1921,  at  a 
total  cost  of  $15.89  per  foot.  During  the  same  period,  diamond  drilling 
aggregated  18,276  ft.  at  an  average  total  cost  (including  sampling,  assay- 
ing, etc.)  of  $4.59  per  foot.  The  average  length  of  77  holes  was  237  ft., 
and  many  of  the  holes  drilled  from  the  surface  encountered  unusual  diffi- 
culties in  penetrating  the  talus  deposit. 

"Two  large  and  high-grade  orebodies  were  found  at  opposite  ends  of 
the  deposit  on  No.  4  level,  two  small  bodies  were  found  on  No.  1  level,  an 
extensive  but  low-grade  deposit  was  opened  on  the  Ponil  level;  otherwise 
only  scattering  high  assays  near  the  lowest  level  reached  rewarded  the 
work." 
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Mining 

The  principal  mine  entries  followed  the  Aztec  fault  and  the  main  ore 
zone  lay  just  southwest  of  No.  4  level  and  the  fault,  Fig.  2. 

This  zone,  paralleling  the  Aztec  fault  a  distance  of  800  ft.,  had  a 
maximum  width  of  80  ft.  and  lay  30  to  60  ft.  above  No.  4  level.  Within 
it  was  a  more  or  less  continuous  extent  of  ore.  A  generous  provision 
of  branch  openings  on  the  level  and  raises  was  made  for  the  efficient  move- 
ment of  ore  from  stope  faces  to  loading  chutes  on  the  haulage  level. 

The  considerable  length  of  the  raises  made  them  useful  for  ore  storage 
at  all  times  and,  in  the  later  days  of  the  mine  when  painstaking  mining 
around  the  margins  of  the  ore  was  necessary,  tonnages  from  narrowly 
limited  areas  were  segregated  in  these  raises  and  milled  as  separate  lots. 
The  practice  was  invaluable  in  avoiding  the  mistake  of  degrading  good 
ore  from  one  stope  with  ore  from  another  place  of  lower  grade.  Hand 
sampling  was  the  first  guide  to  stoping  but  actual  mill  result  governed; 
this  practice  materially  extended  the  life  of  the  mine. 

The  mine  was  mapped  on  coordinates  approximately  paralleling  the 
Aztec  fault  with  100-ft.  blocks,  counting  from  the  southeast  end  of  the 
property.  Abscissas  were  laid  off  from  an  arbitrary  base.  A  factor  of 
ten  was  used  and  block  170/50  was  1700  ft.  northwesterly  and  500  ft. 
southwesterly.  Within  that  block  a  drift,  crosscut,  or  raise  took  desig- 
nation from  the  coordinates  at  its  beginning;  for  example,  raise  213/57. 
Samples  were  recorded  in  the  same  way.  The  working  map  was  on  a 
10-ft.  scale  to  accommodate  the  great  amount  of  detail  and  in  time  the 
single  large  sheet  gave  way  to  maps  of  indixidual  blocks,  100  ft.  square, 
on  which  were  entered  the  hand  samples  taken  and  the  records  of  the  mill 
lots  extracted. 

Timbering  was  by  square  sets,  where  the  ground  was  heavy,  or 
soft;  and  by  posts  or  stulls,  where  it  was  hard.  At  times,  waste  from 
development  served  in  large  part  to  fill  the  sets,  but  frequently  waste 
raises  into  the  overlying  sandstone  were  necessary;  these  served  also 
to  prospect  the  sandstone:  they  never  found  ore.  Much  of  the  ground 
was  heavy,  requiring  careful  timbering.  Some  of  the  best  ore  was  over- 
laid by  material  that  required  spihng  before  the  ore  could  be  drilled  and 
blasted.  Timbering  was  by  far  the  largest  single  item  of  expense  in 
the  extraction  of  the  ore,  though  the  cost  of  timber  was  reduced  by  the 
operation  of  a  sawmill,  a  few  miles  from  the  mine. 

Milling 

The  mill  is  a  ten-stamp  amalgamation  and  concentration  combination 
and  by  it  a  recover}^  of  85.81  per  cent,  was  obtained  in  later  years.  As  is 
frequently  the  case  at  small  and  out  of  the  way  mines,  the  provision  of 
dependable  and  economical  power,  at  moderate  initial  expense,  was  one  of 
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tlie  serious  problems.  In  early  days  of  the  present  operation  a  steam 
plant  was  in  use,  it  having  been  handed  down  from  a  previous  period  of 
operation.  Water  for  power  was  available  during  one  month  in  the 
spring  of  the  year.  Upon  development  of  a  considerable  supply  of  ore 
and  needs  for  power  expansion,  the  semi-Diesel  type  was  selected  and 
Muncie  engines  in  30-  to  80-hp.  units  placed  in  the  mill  to  furnish  power 
for  all  purposes.  A  35-40  gravity  fuel  oil  gave  better  results  than  a 
heavier  oil.  Careful  attention  to  lubrication,  condition  of  the  cylinders 
and  piston  rings,  amount  of  water  passing  through  the  jackets,  condition 
of  fuel  nozzle,  and  the  amount  of  water  used  in  the  bypass  is  necessary 
for  best  results.     The  engines  are  simple,  easy  to  operate,  and  satisfactory. 

Costs 

On  a  basis  of  30  tons,  daily,  mined  and  milled  during  the  years  1918- 
1920,  inclusive,  the  following  costs  prevailed. 

Mining $4.91  per  ton 

Milling  and  marketing 3 .  54  per  ton 

General 1 .  62  per  ton 

The  total  cost  of  power  was  $0.0396  per  hp.-hr.  Fuel  oil  cost  $0,151 
per  gal.  and  lubricating  oil,  $0,967.  Fuel  oil  was  used  at  the  rate  .of 
0.708  lb.  per  hp.-hr.  and  lubricating  oil,  0.041.  Trucking  16  mi.  the 
round  trip,  with  practically  no  back  haul,  cost  $6.86  per  ton  of  freight 
hauled.     The  mine  is  2500  ft.  higher  than  the  railroad. 

During  the  years  1918-1921,  inclusive,  the  cost  of  mine  development, 
including  direct  and  indirect  charges,  was  $15.89  per  ft.  over  9883  ft.  of 
work.  Of  this  amount,  $7.59  was  the  cost  of  explosives,  labor  of  breaking 
ground,  mucking  and  placing  timbers.  Diamond  drilling  18,276  ft.  cost 
a  total  of  $4.59  per  ft.,  distributed  as  follows: 

Direct  charges: 

Drilling,  only $3. 10 

Pipe  lines  and  stations 0 .  37 

Power 0.66 

Water 0. 12 

$4.25 

Indirect  charges: 

Assaying,  surveying,  sampling  and  supervision 0.34 

Total  cost ■ $4.59 

The  shortest  hole  was  40  ft.  and  the  longest  748  ft.  An  average  length 
of  237  ft.  was  obtained  in  77  holes  drilled. 
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Spies  Open-stope  System  of  Mining 

By  S.  R.  Elliott,  Ishpeminq,  Mich.* 

(New  York  Meeting,  February,  1922) 

The  Spies  mine  is  located  in  the  eastern  half  of  the  northwest  quarter 
of  section  24-43-35,  near  the  village  of  Iron  River,  Mich.,  and  is  operated 
by  The  Cleveland-Cliffs  Iron  Co.  Speaking  generally,  the  jasper  hanging 
walls  of  most  of  the  deposits  in  the  Iron  River  district  dip  at  a  steep  angle 
and  are  exceedingly  strong,  standing  without  caving,  even  after  mining 
has  been  continued  for  years  and  after  large  excavations  have  been  made. 
The  ore  is  fairly  hard  and  tough  and  contains  no  slippage  faces.  It 
occurs  in  large  masses,  which  are  often  egg  shape,  with  the  smaller  end 
down,  and  can  be  mined  in  open  stopes  without  the  use  of  timber.  The 
common  system  employed  in  the  district  is  the  shrinkage  stope,  or  some 
modification  of  it.  The  Spies  system  was  developed  to  utilize  the 
advantages  of  the  open-stope  method  and  to  avoid  the  disadvantages  of 
the  shrinkage  stope. 

The  Spies  shaft  was  sunk  to  such  a  depth  that  the  bottom,  or  third 
level,  was  in  rock  at  a  short  distance  below  the  bottom  of  the  orebody, 
the  shape  and  extent  of  which  had  been  previously  determined  by  dia- 
mond drilling.  This  is  shown  in  plan  and  by  the  ore  contours  at  the 
first,  second,  and  third  levels  in  Fig.  1,  and  in  section  in  Figs.  2  to  7. 

In  order  to  provide  the  necessary  mills  and  raises,  three  parallel  cross- 
cuts were  driven  on  25  ft.  centers  on  the  bottom  level.  Drifts  on  the 
second  and  first  levels  were  driven  to  the  orebody  and  followed  the  foot 
wall  in  a  southerly  direction  to  the  end  of  the  ore.  In  crosscut  3,  Fig.  1, 
raises  30,  40,  50,  and  60  were  carried  up  on  the  foot  wall  and  holed  into 
the  second  level,  and  were  ultimately  carried  up  and  holed  into  the  first 
level.  These  foot-wall  raises  carry  the  pipes  and  ladders,  provide  a  means 
of  ventilation,  and  furnish  safe  communication  to  all  working  places  in 
the  stope. 

From  crosscuts  1,  2,  and  3,  raises  were  completed  to  a  height  of  32  ft., 
or  the  elevation  of  the  first  sublevel.  They  were  then  connected  by  east 
and  west  crosscuts  to  the  main  foot-wall  raises  30,  40,  50,  and  60,  shown 
in  Fig.  4.    The  crosscuts  in  raises  1  to  5  were  then  driven  west  and  the 

*  General  Superintendent,  The  Cleveland-Cliffs  Iron  Co. 
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hanging  wall  located.  While  this  work  was  in  progress,  raises  1  to  5,  10, 
12,  14,  16,  18  were  continued  until  they  reached  the  hanging  wall.  At 
intervals  of  22  ft.,  the  raises  were  connected  by  east  and  west  crosscuts 
and  the  hanging  wall  to  the  west  was  located  at  the  elevation  of  each 
sublevel.     This  is  shown  in  Fig.  2. 


FiQ.  1. — Plan  of  Spies  Mine,  showing  main  levels,  contours  of  orebodt,  raises 

AND    MILLS. 


Below  the  639-ft.  sublevel  raises  1  to  5  were  coned  to  an  angle  of 
about  45°  to  serve  as  mills.  Miners  then  started  in  each  crosscut  on 
the  639-ft.  sublevel,  at  points  near  the  hanging  wall  and  fanned  holes 
toward  the  same.     By  repeating  this  operation  on  sublevels  at  higher 


284 


SPIES    OPEN-STOPE    SYSTEM    OF    MINING 


elevations,  the  ore  was  cut  away  from  the  hanging  wall  and  a  narrow 
opening  existed  over  the  mills  in  crosscut  1  for  the  length  and  height  of 
the  orebody.  From  this  time  on,  to  the  completion  of  the  stope,  the 
work  was  straight  mining.  Miners  set  up  their  machines  in  the  various 
crosscuts  at  a  safe  distance  from  the  edge  of  the  open  stope  and  fanned 
holes  toward  the  west,  care  being  taken  to  pull  back  the  east  face  in 
a  vertical  plane. 

If  one  could  stand  against  the  hanging  wall  at  a  point  opposite  the 
center  of  the  stope  and  look  east,  this  face  would  resemble,  in  perspective, 
a  number  of  pyramid-shaped  funnels  in  a  horizontal  position,  the  larger 
end  pointing  toward  the  observer,  the  crosscuts  being  the  spouts.  This  is 
shown  in  section  and  elevation  in  Figs.  5  and  6.  While  stoping  is  being 
continued,  it  is  necessary  to  complete  additional  raises  and  to  do  crosscut- 
ting  at  higher  elevations,  or  in  parts  of  the  orebody  farther  east. 

Disadvantages  of  the  Shrinkage  Stope 

1.  In  a  shrinkage  stope,  after  mills  have  been  made,  the  orebody  is 
undercut.  By  setting  up  the  machines  on  the  broken  ore  and  working 
around  the  perimeter  of  the  stope,  its  height  is  increased  until  the  top  of 


Fig.  2.  Fig.  3.  Fig. 

Fig.  2. — Section  A-A  before  stopixg  is  begun. 
Fig.  3. — Section  B-B  before  stoping  is  begun. 
Fig.  4. — Plan  of  639-ft.  sublevel. 


the  deposit  is  reached.  After  each  blast,  only  sufficient  ore  is  drawn 
from  the  mills  to  make  room  for  the  miners  to  work.  A  safe  rule  to 
follow  is  to  have  the  back  above  the  point  where  the  machines  are  set  up 
close  enough  for  it  to  be  touched  by  a  miner  when  his  arm  is  extended. 
With  this  precaution,  it  can  be  readily  trimmed.     Further,  miners  should 
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not  be  permitted  to  go  out  toward  the  center  of  the  stope,  but  should 
be  kept  close  to  a  soHd  wall.  Observing  these  rules  and  always  working 
around  the  perimeter  causes  large  bellies  to  remain  in  the  center  of 
the  stope  which  either  must  be  blasted,  by  the  use  of  long  drills,  or  if  they 
cannot  be  reached  they  must  be  left  until  they  become  so  heavy  that  they 
will  fall  because  of  their  weight.  In  time,  these  large  masses  are  drawn 
down  to  the  mills,  when  they  must  be  broken  by  men  who  enter  the  mills 
from  the  bottom  to  drill  and  blast  them;  this  is  slow,  expensive,  and 
exceedingly  dangerous  work. 


Fig.  5.  Fig.  6.  Fig.  7. 

Fig.  5. — Section  A-A  after  stoping  is  begun. 
Fig.  6. — Elevation  B-B. 

2.  As  the  ore  is  broken  in  a  shrinkage  stope,  only  about  one-third  of 
it  can  be  drawn  out  of  the  mills.  The  pile  in  the  stope  must  constantly 
be  increased  in  height  until  the  top  of  the  deposit  has  been  reached  and 
the  stope  completed.  A  large  investment,  represented  by  two-thirds  of 
the  broken  ore,  is  tied  up  until  the  stope  is  completed. 

3.  The  miners  spend  a  large  proportion  of  their  time  trimming  the 
back,  trying  to  make  it  safe;  their  drilHng  eflficiency  is,  therefore,  low. 

4.  In  drawing  sufficient  ore  each  day  to  keep  the  top  of  the  pile  at 
the  proper  distance  from  the  back,  there  is  constant  danger  that  the  ore 
will  not  settle  properly  and  later  on  will  surge  and  endanger  the  lives  of 
the  men  in  the  stope. 

5.  If  seams  or  bunches  of  rock  are  encountered,  they  must  be  broken 
with  the  ore;  there  is  no  means  of  separating  the  material. 

6.  Ventilation,  as  a  rule,  is  poor  and  much  time  is  lost  after  each 
blast. 

Advantages  of  the  Spies  System 

These  will  be  compared  in  the  same  order  as  the  disadvantages  of  the 
shrinkage  stope. 
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1.  All  men  are  provided  with  a  safe  and  easy  traveling  road  to  their 
working  places.  There  is  every  opportunity  for  miners  to  drill  their 
holes  with  a  proper  burden  on  them,  so  that  it  is  unnecessary  to  break 
the  ore  in  large  masses.  It  is  not  necessary  to  go  up  into  mills  to  drill  and 
blast.  These  are  the  chief  factors  that  make  it  possible  to  obtain  low 
cost  by  the  use  of  this  system. 

2.  All  of  the  ore  broken  each  day  is  drawn  from  the  mills,  only  enough 
being  left  to  protect  the  stopers  from  the  shock  of  falling  ore  blasted  in 
the  stope.  An  accurate  check  can,  therefore,  be  kept  on  the  miners  and 
high  efficiency  obtained. 

3.  No  time  is  lost  in  trimming.  The  men  are  in  no  danger  from  falls 
of  ground,  so  their  time  is  spent  in  drilling  and  blasting  ;their  efficiency  is, 
therefore,  much  higher  than  in  the  shrinkage  stope. 

4.  There  is  no  danger  that  the  ore  upon  which  the  men  are  standing 
will  be  drawn  from  under  their  feet,  as  they  work  in  crosscuts  with  solid 
ore  below  them.  Their  machines  are  set  up  on  posts,  which  is  preferable 
to  using  tripods  on  loose  ground. 

5.  During  the  development  work  in  the  sublevels,  all  seams  of  rock  in 
the  ore  are  outlined  and  can  be  mined  before  the  stope  has  reached  that 
locality,  the  rock  being  dumped  into  raises  that  are  not  being  used  as 
mills.     It  is,  therefore,  possible  to  mine  the  ore  and  keep  it  clean. 

6.  On  account  of  the  large  number  of  small  raises  and  the  connections 
with  upper  levels,  no  trouble  is  experienced  with  ventilation.  Blasting 
can  be  done  at  any  time  during  the  shift  and  only  a  few  minutes  lost. 
The  area  of  the  open  stope  soon  becomes  so  large  that  the  gases  are  rapidly 
dissipated  and  pass  off  through  the  upper  levels. 

With  the  exception  of  a  small  thickness  of  ore  left  above  the  first 
level  to  support  the  overburden  of  sand,  the  stope  in  the  Spies  is 
completed.  In  this  mine,  on  a  comparatively  narrow  orebody,  we  have 
also  worked  the  shrinkage-stope  method,  and,  therefore,  have  had  an 
opportunity  to  make  a  close  study  and  comparison  of  the  two  systems. 
Our  records  show  that  the  cost  of  breaking  ore  was  about  40  per  cent, 
higher  in  the  shrinkage  stope  than  where  the  Spies  system  was  used. 
From  every  point  of  view,  the  Spies  sj^stem  has  proved  more  satisfactory 
than  the  shrinkage  stope. 
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Exploration  Methods  on  the  Gogebic  Range 

By  W.  O.  HoTCHKiss,*  Ph.  D.,  Madison,  Wis. 

(Lake  Superior  Meeting,  August,  1920) 

An  ESSENTIAL  mental  equipment  for  planning  exploration  is  the 
fullest  possible  knowledge  of  the  way  in  which  the  orebodies  occur  in  the 
region  to  be  explored,  also  the  reaHzation  that  in  no  mining  district  is 
this  knowledge  complete,  and  that  new  facts  of  importance  will  be 
revealed  to  the  explorer  in  every  exploration  if  he  is  in  the  proper  frame  of 
mind  to  grasp  them. 

The  geology  of  the  ore  deposits  of  the  Gogebic  Range  for  a  long  time 
was  thought  to  be  relatively  simple,  but  work  in  recent  years,  by  several 
men,  has  proved  that  this  is  not  the  case.  We  now  realize  that  we  are  far 
from  knowing  all  the  factors  that  have  resulted  in  the  localization  of  ore 
deposits.  For  example,  we  have  long  known  that  the  intersections  of  the 
dikes  and  the  foot  wall  were  favorable  places  to  look  for  ore,  but  only 
within  the  last  few  years  have  we  learned  that  there  are  several  horizons 
in  the  various  members,  well  north  of  the  foot  wall,  that  are  likely  to 
carry  ore.  The  influence  of  the  numerous  cross  faults  on  orebodies  is 
not  known  or  appreciated  beyond  a  general  realization  that  they  are 
important.  Just  how  they  may  be  favorable  or  unfavorable  to  the 
localization  of  ore  is  not  known.  Such  elementary  information  as  the 
positions  of  these  faults  is  just  beginning  to  appear  on  the  mine  maps. 

Such  being  the  condition,  one  can  hardly  overestimate  the  importance 
to  the  various  operators  and  fee  owners  of  careful  studies  of  conditions 
in  their  properties  for  the  purpose  of  assuring  themselves  that  they  are  not 
missing  valuable  ore — that  they  are  doing  all  the  exploration  that  their 
situation  demands  in  order  to  secure  maximum  returns.  Valuable  ores 
have  been  missed  in  the  past  and  will  be  missed  in  the  future.  Only 
with  a  complete  knowledge  of  all  the  factors  that  have  united  to  produce 
ore  could  anything  else  be  expected.  The  purpose  of  this  paper  is  to 
call  attention  to  these  facts  briefly  and  to  suggest  a  few  of  the  principles 
that  should  guide  effective  exploration.  The  foremost  principle  is  that 
the  man  who  starts  out  with  the  idea  that  he  knows  all  about  the  mine 
geology  of  the  Gogebic  Range  is  starting  with  a  heavy  handicap. 

*  State  Geologist  of  Wisconsin  and  Consulting  Engineer. 
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Brief  Outline  of  Gogebic  Range  Geology 

The  iron-bearing  series  on  this  range  is  similar  to  that  in  the  other 
Lake  Superior  ranges.  The  important  economic  feature  is  the  iron  forma- 
tion, on  this  range  named  the  Ironwood  formation,  with  which  are 
associated  the  foot-wall  quartzite  and  the  slate  hanging  wall.  These 
formations  dip  northward  at  an  angle  of  approximately  60°.  Numerous 
dikes  cut  these  formations  at  nearly  right  angles  to  the  bedding.  Most  of 
them  pitch  20°  to  30°  from  the  horizontal  downward  toward  the  east,  but 
some  of  them  pitch  at  similar  angles  to  the  west.  All  of  them  make 
relatively  impervious  pitching  troughs  with  the  foot  wall  and  with  other 
impervious  beds  which  occur  within  the  iron  formation.  It  is  chiefly 
in  these  pitching  troughs  that  orebodies  occur. 

The  term  iron  formation  in  this  paper  is  taken  to  include  all  the  beds 
known  to  bear  ore  and  so  includes  the  basal  part  of  the  hanging-wall 
formation  as  well  as  the  Ironwood  formation. 

In  a  recent  description  of  the  geology  of  tliis  range, ^  I  divided  the 
Ironwood  formation  into  two  major  divisions  and  five  subdivisions,  as 
follows : 

Tyler  formation  (hanging  wall) Pabst  member  (ore-bearing) 

j  Anvil  member 
[  Upper  Ironwood .    .    .    .  \  Pence  member 
Ironwood  formation .  .  .  .  \  (  Norrie  member 

I  Lower  Ironwood .    .    .    .  i  Yale  member 

I  Plymouth  member 
Palms  quartz  slate  (foot  wall) 

For  a  detailed  description  of  the  various  members  of  the  iron  forma- 
tion and  their  characteristics  the  reader  is  referred  to  that  article. 

These  six  major  members  are  recognizable  throughout  the  main 
producing  part  of  the  range  and  are  convenient  guides  for  reference. 
However,  when  the  exploration  of  a  single  mine  is  under  study  these 
divisions  are  not  sufficient.  The  smaller  the  recognizable  divisions  that 
can  be  made,  the  more  intelhgently  will  the  work  be  done.  In  one  mine, 
the  engineers  have  made  over  twenty  divisions  for  correlating  the  geology 
of  the  various  crosscuts  and  drill  holes.  So  definitely  can  the  successive 
beds  be  determined  that  the  duplication  or  ellipsis  of  one  or  more  beds 
by  faulting  is  often  evident  in  the  drill  core,  and  thus  the  point  where  the 
driU  cut  the  fault  and  the  direction  and  amount  of  throw  are  determined 
and  mapped  even  though  the  core  itself  gives  no  suggestion  of  a  fault. 


*  Geology  of  the  Gogebic  Range  and  its  Relation  to  Recent  Mining  Developments. 
Eng.  and  Min.  Jnl.  (1919)  108,  443. 
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The  iron  formation  and  the  dikes  are  cut  by  a  great  fault,  which  is 
practically  parallel  to  the  beds.  The  northern  part,  or  top  of  the  forma- 
tion, has  been  moved  several  hundred  feet  eastward  in  relation  to  the 
part  below  or  south  of  the  fault.  There  are  also  numerous  faults  at 
nearly  right  angles  to  the  beds.  Most  of  these  are  vertical,  but  some  have 
about  the  same  position  as  the  eastward  pitching  dikes.  A  few  faults 
also  cut  the  formation  at  other  angles,  but  it  is  not  necessary  to  describe 
them  here. 

Origin  of  Orebodies 

The  orebodies  of  the  Gogebic  Range,  with  a  few  unimportant  excep- 
tions, are  caused  by  the  leaching  of  the  silica  from  the  mixture  of  chert 
and  iron  oxide  that  makes  up  the  iron  formation.  This  leaching  is  done 
by  meteoric  water,  which  more  or  less  slowly  finds  its  way  through  the 
formation.  Any  condition  that  favors  this  water  circulation  is  favorable 
to  the  formation  of  orebodies;  any  condition  that  hinders  or  prevents  the 
circulation  is  unfavorable. 

If  a  particular  bed  of  the  iron  formation  were  originally  high  in  iron 
and  low  in  silica,  it  would  require  less  leaching  to  produce  ore.  So  if  two 
beds  were  equally  well  situated  with  regard  to  water  circulation  and 
equally  porous,  the  one  that  had  the  least  sihca  would  be  first  changed  to 
ore.  However,  the  bed  having  the  least  sihca  might  be  so  extremely 
dense  and  non-porous  that  the  bed  that  was  more  porous  and  contained 
a  much  larger  percentage  of  sihca  might  alter  to  ore  while  the  first  was  not 
affected. 

The  ore-bearing  horizons  at  present  known  are  as  follows,  named  in 
order  from  the  foot  wall  north : 

1.  The  base  of  the  Plymouth  member;  this  is  where  most  of  the  ore 
has  been  mined. 

2.  Near  the  top  of  the  Plymouth  member. 

3.  In  the  bedding  fault  zone;  where  this  fault  has  broken  the  ferru- 
ginous cherts  it  has  favored  the  circulation  of  water  and  in  a  number  of 
places  ore  has  resulted.  In  most  places  the  fault  is  in  an  impervious 
black  slaty  carbonate  and  no  ore  is  found. 

4.  The  top  of  the  Norrie  and  base  of  the  Pence  members. 

5.  The  base  of  the  Anvil  member. 

6.  About  100  ft.  north  of  the  base  of  the  Anvil. 

7.  The  Pabst  member. 

In  a  few  of  the  largest  orebodies,  the  ore  is  continuous  from  foot  to 
hanging,  but  even  in  these  bodies  the  rich  porous  beds  of  the  formation 
are  altered  to  ore  farther  from"  the  dike  than  the  other  beds. 

Among  the  known  conditions  favorable  to  localizing  the  leaching 
effect  of  the  water,  and  hence  favorable  to  the  formation  of  ore,  are: 
intersections  of  dikes  and  the  foot  wall  or  of  dikes  and  impervious  beds 
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of  the  formation;  the  more  pervious  beds  of  the  iron  formation;  those 
parts  of  the  formation  that  have  been  broken  by  faults. 

Exploration 

In  the  order  of  time  in  a  well-planned  exploration  there  are  three 
general  things  to  be  determined.  ( 1)  The  positions  of  the  various  dikes 
both  north  and  south  of  the  great  bedding  fault  must  be  known  either 
from  driUing  or  underground  workings.  (2)  The  particular  beds  known 
to  bear  ore  should  be  located  from  some  definite  reference  plane,  such  as 
the  foot  wall,  so  that  the  places  where  these  beds  are  cut  by  the  dikes  can 
be  determined  with  the  necessary  degree  of  accuracy.  These  intersec- 
tions are  the  objectives  for  which  exploration  should  aim.  Every  drill 
hole,  exploration  drift,  or  crosscut  should  be  planned  to  cut  a  favorable 
part  of  the  formation  just  above  a  dike.  (3)  The  effect  of  faults  must  be 
considered. 

Faults  can  be  located  in  many  cases  by  careful  magnetic  observations. 
This  has  been  done  successfully  in  both  the  eastern  and  the  western  ends 
of  the  range,  and  doubtless  can  be  done  in  many  places  in  the  central 
part  by  working  along  the  Pabst  member  of  the  formation.  A  careful 
examination  of  mine  workings  has  served  to  identify  many  small  cross 
faults  that  have  not  been  observed  before  because  their  throw  was  too 
small  to  attract  attention.  These  cross  faults  apparently  die  out  toward 
the  south  so  that  the  throw  is  often  only  a  few  feet  at  the  foot  wall,  but 
toward  the  north  side  of  the  formation  the  throw  increases  and  they  are  of 
greater  importance  in  planning  both  exploration  and  mining  work. 
These  cross  faults  have,  in  many  cases,  made  excellent  opportunities  for 
the  water  to  get  through  and  leach  the  formation,  and  oreshoots  have 
been  followed  vertically  hundreds  of  feet  along  them. 

The  nature  of  the  influence  of  cross  faults  on  the  locaUzation  of  ore- 
bodies  is  Uttle  known,  except  for  the  case  where  the  fault  zone  itself  is 
altered  to  ore.  Between  two  faults  a  particular  bed  may  be  altered  to  ore 
on  a  dike.  In  the  block  next  east,  this  same  bed  on  the  same  dike  may  be 
almost  whoUy  unleached  and  the  ore  may  be  found  in  a  different  bed, 
either  nearer  to  or  farther  from  the  foot  wall,  or  the  entire  block  may  be 
barren.  The  water  has  evidently  gone  through  one  fault  block  in  one 
zone  on  a  given  dike.  When  it  reached  a  cross  fault,  it  dropped  down  that 
fault  and  found  its  way  through  the  next  block  on  some  lower  dike  and 
perhaps  in  some  other  bed,  which  offered  a  more  favorable  channel. 
Sometimes  it  has  gone  through  several  fault  blocks  on  the  same  dike  and 
the  cross  faults  are  marked  mainly  by  enlargements  of  the  orebody  due 
to  the  favorable  situation  created  by  the  breaking  up  of  the  formation 
by  the  fault. 

All  these  facts  should  be  considered   in  planning  exploration  and 
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interpreting  the  results.     Successful  work  demands  close  observation  of 
the  formation  and  careful  study  of  all  the  possibilities  of  finding  ore. 

Drilling 

The  iron  formation  of  the  Gogebic  Range  is  especially  difficult  to  drill. 
The  leaching  of  the  formation  attacks  favorable  beds  and  leaves  the  less 
favorable  ones  more  or  less  untouched.  The  result  is  an  alternation  of 
hard  dense  and  more  or  less  soft  vuggy  beds.  There  is  consequently 
much  difficulty  in  getting  a  proper  return  of  samples,  and  also  a  great 
deal  of  trouble  in  operating  the  drill.  The  alternating  hard  and  soft 
beds  make  it  almost  impossible  to  keep  a  drill  hole  straight  for  more  than 
a  few  hundred  feet.  In  order  to  keep  the  samples  from  contamination, 
it  is  necessary  to  keep  the  casing  close  to  the  bit  as  soon  as  the  drill  enters 
soft  ground.  If  this  is  not  done,  an  orebody  may  be  passed  through  and 
the  samples  be  so  diluted  by  the  soft  leached  chert  worn  off  the  walls  of 
the  hole  that  the  analyses  will  show  nothing  of  value. 

The  large  amount  of  time  and  trouble  necessary  to  handle  caving  holes 
and  to  fill  open  vugs  makes  diamond-drill  operations  difficult  and  ex- 
pensive. The  great  expense  and  the  inability  to  keep  the  drill  straight 
on  its  course  make  most  holes  longer  than  1000  to  1500  ft.  of  doubtful 
utility  if  there  is  any  reasonable  possibility  of  reaching  the  objective  in 
any  other  way. 

In  consequence  of  the  foregoing  facts,  the  main  function  of  the  drill 
on  this  range  is  to  determine  general  conditions  rather  than  to  find  ore. 
Diamond  drilhng  can  be  used  to  excellent  advantage  to  show  the  nature 
and  condition  of  the  formation  in  advance  of  and  for  the  purpose  of  guid- 
ing drifting  and  crosscutting  and  going  to  greater  depth.  But  these 
extensions  should  not  depend  wholly  on  the  actual  finding  of  ore  by  the 
drill.  If  the  drill  shows  a  well-leached  formation  on  a  good-sized  dike, 
the  dike  is  well  worth  exploring  by  mine  openings.  Often  a  hole  lost 
as  the  result  of  caving  is  an  excellent  indication  of  ore  below.  It  is 
difficult  and  sometimes  impossible  for  the  drill  to  get  through  the  broken 
formation  which  sometimes  overlies  an  orebody  that  has  been  broken  by 
the  slump  of  the  ore  on  account  of  the  leaching  out  of  the  siUca. 

The  core  recovery  from  about  25,000  ft.  (7620  m.)  of  diamond  drilling, 
obtained  from  26  holes  of  widely  varying  depths,  was  found  to  average 
30.7  per  cent.  The  core  recovery  from  the  individual  holes  varied  from 
6.4  to  58.1  per  cent.  The  lowest  recovery  was  from  a  short  hole  practic- 
ally all  in  well-leached  formation;  the  highest  was  from  a  hole  that  ex- 
tended through  hanging  slates  and  the  full  thickness  of  the  formation. 
This  hole  happened  to  go  through  an  almost  wholly  unleached  part  of 
the  formation.  It  probably  represents  about  the  maximum  core  recovery 
from  average  drilhng. 
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The  foregoing  statements  indicate  strongly  that  driUing  is  not  satis- 
factory as  the  sole  method  of  exploration:  but  this  does  not  imply  that 
drilling  is  not  a  useful  method.  Drilling  should  be  used  by  mine  opera- 
tors far  more  extensively  than  it  has  been  in  the  past;  even  though  the 
drill  may  not  find  ore,  it  may  show  a  condition  of  the  formation  that 
warrants  extending  exploratory  mine  workings  to  determine  what  really 
exists  in  favorable  situations  that  the  drill  may  find. 

Exploratory  Drifts  and  Crosscuts 

Exploratory  drifts  and  crosscuts  constitute  the  most  satisfactory 
method  of  exploring,  but  such  work  is  too  expensive  to  carry  on  without 
having  a  definite  objective,  which  should  be  shown  in  advance  by  driUing. 
In  the  past,  before  it  was  known  as  definitely  as  at  present  just  what 
beds  are  the  most  Hkely  to  carry  ore,  many  long  crosscuts  were  driven 
north  to  the  hanging  wall.  A  few  of  them  found  ore  but  most  of  them  did 
not.  Most  of  them  were  driven  with  httle  or  no  knowledge  of  where  the 
dikes  lay  north  of  the  great  bedding  fault,  and  more  often  than  not  when 
they  did  penetrate  dikes  they  were  in  beds  that  were  unhkely  to  contain 
ore.  Some  of  these  old  barren  crosscuts  could  be  used  to  great  advantage, 
at  present,  by  driving  drifts  or  raises  from  them  to  explore  the  good  ore- 
bearing  horizons  just  above  the  dikes. 

Every  exploratory  drift  or  crosscut  should  be  planned  to  give  the 
maximum  possible  information  with  regard  to  one  or  more  of  the  seven 
known  ore-bearing  horizons  where  they  are  cut  by  fair-sized  dikes.  If 
the  pitch  of  the  dike  is  sufficiently  great  to  make  its  strike  .cut  the  strike 
of  the  beds  at  a  fairly  large  angle,  the  best  results  are  obtainable  by  driv- 
ing along  the  top  of  the  dike— northeast  with  an  east-pitching  dike,  and 
northwest  with  one  pitching  west. 

The  cross  faults  should  also  be  given  careful  consideration  in  planning 
an  exploratory  crosscut  or  drift.  A  crosscut  that  strikes  a  favorable  ore 
horizon  on  a  good  dike  where  the  formation  is  faulted  has  probably  the 
best  chance  of  finding  ore.  These  cross  faults  cut  the  formation  into 
blocks  that  are  seldom  more  than  3^^  mile  long  east  and  west  and  are  often 
only  a  few  hundred  feet  long.  In  order  to  test  the  formation  thoroughly, 
every  fault  block  should  have  every  favorable  ore  horizon  tested  on  every 
fair-sized  dike.  This  statement  is  made  with  a  fuU  reahzation  that  it  is 
not  always  advisable  to  explore  a  property  thoroughly'.  The  object 
of  exploration  must  always  be  to  find  ore — ^not  to  prove  that  no  ore  is 
there.  General  indications  of  the  character  of  a  certain  block  on  a 
certain  dike  may  make  such  a  territory  a  good  one  to  neglect.  But  if 
one  bed  on  a  dike  is  well  leached  or  carries  ore,  the  other  favorable  beds 
should  also  be  tested  on  this  dike.  The  failure  to  do  tliis  in  one  mine 
examined  resulted  in  the  loss  of  a  very  large  tonnage  of  ore. 
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Exploration  of  the  Gogebic  Range  offers  great  possibilities  of  reward. 
Even  the  foot  wall  has  been  only  partly  explored  down  to  the  depth  of 
present  operations.  When  to  this  unexplored  foot  wall  are  added  the 
parts  of  the  formation,  little  known  but  well  worth  exploring,  north  of  the 
foot  wall,  the  greater  and  unknown  depths  below  to  which  ore  may  go, 
and  the  neglected  parts  of  the  range  east  and  west  of  the  producing  mines 
it  is  obvious  that  this  range  has  a  long  and  profitable  future  before  it. 
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Systems  of  Mining  in  Pocahontas  Coal  Field  and 
Recoveries  Obtained 

By  Thomas  H.  Clagett,*  Bluefield,  W.  Va. 

(New  York  Meeting,  February,  1922) 

The  Pocahontas  coal  jBeld  comprises  the  area  in  Tazewell  County,  Va. 
and  Mercer  and  McDowell  counties,  W.  Va.,  in  which  Nos.  3  and  4, 
Pocahontas  seams  of  bituminous  coal  are  mined.  It  is  a  mountainous 
region  with  ridges  rising  300  to  1000  ft.  (91  to  305  m.)  above  the  very  nar- 
row valleys  and,  except  for  some  poorly  kept  farms  along  the  tops  of  the 
ridges  and  the  area  occupied  by  the  mining  and  coking  plants  and  villages, 
is  wooded  throughout.  First  shipments  were  made  from  Pocahontas  in 
1883.  There  are  now  about  100  mines,  95  per  cent,  of  which  are  drift 
mines.  At  the  end  of  1920,  approximately  298,000,000  gross  tons  of 
coal  had  been  produced  and  35,000  acres  of  coal  mined. 

No.  3  seam  is  from  4  to  10  ft.  (1.2  to  3  m.)  thick,  but  the  change  is 
gradual  and  the  thickness  fairly  uniform  in  any  particular  locaHty.  It 
has  a  streak  of  bone,  about  2  iiir.  (5  cm.)  thick,  to  which  the  coal  adheres 
on  both  sides.  In  parts  of  the  field  this  bone  is  replaced  by  hard  slate, 
usually  from  2  to  4  in.  thick.  The  seam  has  a  slate  or  fireclay  bottom 
and  a  draw-slate  top. 

No.  4  seam  is  from  65  to  80  ft.  (19.8  to  24  m.)  above  No.  3  seam,  and  of 
minable  section  only  in  the  western  part  of  the  field.  It  is  from  3  to  8 
ft.  thick  and  has  two  streaks  of  bone,  each  from  1  to  2  in.  thick.  It  has  a 
fireclay  or  slate  bottom  and  is  overlaid  by  from  4  to  24  in.  of  a  laminated 
coal  and  slate,  locally  termed  "black  rash,"  which  is  separated  from  the 
coal  seam  by  about  3  in.  of  slate.  This  "black  rash"  averages  about  25 
per  cent,  ash,  but  contains  some  clean  coal. 

The  coal  in  both  seams  is  quite  soft.  Cleavage  sufficiently  well 
defined  to  exert  an  influence  on  the  mining  is  rare.  Overlying  strata  are 
slates,  shales,  and  sandstones,  the  sandstones  predominating,  extending 
from  30  to  1000  ft.  above  No.  3  seam.  The  strata  directly  above  the 
draw  slate  of  No.  3  seam,  or  "black  rash"  of  No.  4  seam,  and  up  to 
the  first  sandstone  are  usually  slates  or  shales,  about  10  ft.  thick  over  the 
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thicker  coal,  decreasing  in  thickness  as  the  coal  becomes  thinner,  and 
sometimes  disappearing  altogether.  The  dip  of  the  seams  is  usually 
sufficient  to  provide  natural  drainage,  although  there  are  many  undula- 
tions, swags,  and  basins  requiring  pumping  and  ditching.  Explosive 
gas  is  rarely  found  except  in  the  slope  and  shaft  workings.  The  land  as 
a  rule,  including  the  surface,  is  owned  by  land-holding  companies  and 
leased  to  operating  companies  on  a  royalty  basis. 

Systems  of  Mining 

The  room-and-pillar  system  of  mining  has  been  used  from  the  begin- 
ning; the  principal  changes  in  the  manner  of  its  adaptation  as  mining 
progressed  are  shown  by  the  accompanying  sketches.     Fig.  1  is  taken 


Fig.  1. 


Fig.  2. 


from  the  system  of  mining  that  was  made  a  part  of  many  of  the  earher 
leases.  It  provided  that  entries  and  break-throughs  should  be  10  ft. 
(3  m.)  wide,  entry  pillars  60  ft.  (18  m.)  wide,  rooms  18  ft.  (5.5  m.)  wide, 
and  room  pillars  42  ft.  (12.8  m.)  wide;  that  rooms  from  one  entry  of  a 
pair  should  be  turned  and  worked  out  progressively  on  the  advance;  that 
rooms  from  the  other  entry  should  be  turned  and  worked  out  progres- 
sively on  the  retreat;  and  that  pillar  mining  should  be  deferred  until 
the  entries  had  been  driven  the  intended  distance  and  should  then  begin 
in  the  last  pillars  and  be  conducted  on  the  retreat  in  both  sets  of 
pillars,  the  chain  pillar  of  the  entry  being  mined  at  the  same  time.  In 
but  few  instances  was  this  system  carried  out,  apparently  because  of 
the  desire  for  immediate  tonnage. 

The  first  change  was  to  work  out  rooms  from  both  entries  on  the 
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advance  (Fig.  2);  with  few  exceptions  this  system  was  followed  for  a 
number  of  years.  The  first  mines  were  in  the  thicker  coal  and  it  was 
considered  good  practice  to  leave  from  18  in.  to  3  ft.  of  top  coal  to  protect 
the  roof  and  reduce  the  amount  of  timbering  otherwise  necessary.  It 
was  expected  that  a  large  part  of  this  top  coal  would  be  recovered  when 
the  pillars  were  mined.  But  rooms  were  driven  wider  than  had  been 
anticipated,  room  pillars  were  correspondingly  thinner,  and  there  were 
many  falls  and  squeezes  and  few  barriers,  other  than  main  entry  pil- 
lars, to  prevent  the  spread  of  squeezes.  In  many  instances  pillar 
mining  was  postponed  for  indefinite  periods  and  much  pillar  coal  and  all 
of  the  top  coal  was  lost.     Marked  improvement  was  soon  noticeable  in 


the  spacing  and  widths  of  rooms,  but  top  coal  was  left  wherever  the 
seam  was  thick  enough  to  permit  it.  Only  a  small  part  of  the  coal  so 
left  has  been  recovered  except  over  the  roadwaj^s.  When  pillars  were 
mined,  the  V-shaped  break  Une  caused  additional  weight  upon  the  chain 
piUar  at  the  apex  of  the  V,  which  was  aggravated  by  a  tendency  for  the 
mining  of  the  chain  pillar  to  lag  and  frequently  resulted  in  crushing 
portions  of  the  chain  pillar  and  the  ends  of  room  pillars.  Usually  but 
a  small  recovery  was  made  of  the  entry  stumps  and  chain  pillar  and  in 
many  instances  they  were  not  mined. 

An  effort  was  made  to  avoid  the  losses  and  inconvenience  caused  by 
the  delay  in  pillar  mining  by  mining  pillars  on  the  advance,  as  shown  in 
Fig.  3;  but,  unless  the  rooms  were  unusually  long  and  the  cover  light, 
the  area  opened  was  not  suflScient  to  cause  a  break  of  the  overlying 
sandstones  and  a  squeeze  usually  followed.     This  caused  a  loss  of  the 
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entry  stumps  and  chain  pillar  and  the  squeeze  spread  to  adjacent  areas 
when  opened. 

Longer  and  more  uniform  break  lines  were  obtained  by  postponing 
pillar  mining  until  it  could  continue  in  one  direction  over  a  larger  area, 
as  shown  in  Fig.  4,  or,  when  the  grades  were  favorable,  as  in  Fig.  5. 
Frequent  changes  in  the  direction  of  the  break  Hne  were  thus  avoided, 
and  the  extent  and  shape  of  the  area  mined  were  soon  such  as  to  cause  a 
good  break  of  the  sandstones.  But  the  orderly  advance  of  pillar  mining 
was  often  interrupted  by  falls,  poor  drainage,  or  squeezes  in  the  long 
standing  pillars,  with  consequent  losses. 

Rooms  from  both  entries  of  a  pair  not  only  caused  large  areas  to  be 


Fig.  5. 


Fig.  6. 


opened  far  in  advance  of  pillar  mining,  with  the  probabihty  of  losses,  as 
stated,  but  frequently  required  that  one  set  of  rooms  be  worked  to  the 
dip,  or  else  at  an  acute  angle  with  the  entry,  in  an  attempt  to  keep  above 
the  strike  hne,  as  shown  in  Fig.  6.  Progress  of  dip  rooms  was  usually 
delayed  by  water  while  changes  in  direction  of  rooms  caused  irregular 
break  lines  in  pillar  mining.  The  working  of  rooms  from  both  entries 
of  a  pair  was  therefore  discontinued,  as  a  general  practice,  in  favor  of 
working  rooms  from  one  entry  only  (see  Figs.  7  and  8),  and  although  many 
mines  continued  to  turn  and  work  all  rooms  on  the  advance,  others  first 
drove  room  entries  to  completion  and  then  turned  and  worked  out  the 
rooms  progressively  on  the  retreat,  followed  promptly  by  pillar  mining 
as  indicated. 

There  were  other  changes  from  time  to  time  and  a  variety  of  combina- 
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tions  as  regards  width,  length,  and  spacing  of  rooms,  but  experience  and 
a  study  of  methods  of  other  fields  had  shown  that  economical  pillar  min- 
ing and  a  maximum  recovery  of  coal  required  that  rooms  be  opened 
only  fast  enough  to  provide  for  the  uninterrupted  advance  of  pillar  mining; 
that  pillars  be  mined  promptly  upon  completion  of  rooms;  that  the  Hne 
of  pillar  mining  be  carried  forward  uniformly  in  one  direction  until  suffi- 
cient area  was  completely  mined  out  to  cause  a  good  break  of  the  over- 
lying sandstones;  that  the  direction  of  the  break  line  be  varied  as  httle 
as  possible,  within  reasonable  hmits;  and  that  barrier  and  other  pillars 
be  of  sufficient  size  not  only  to  protect  the  workings  properly  but  to  admit 
of  their  being  satisfactorily  mined  later.  Most  new  development  since 
1900  has  been  laid  out  with  these  principles  in  mind. 
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Fig.  9,  which  has  been  pubhshed  several  times, ^  was  prepared  in  1907 
by  one  of  the  land-holding  companies  to  show  three  prevailing  adapta- 
tions of  the  panel  system  in  general  use  in  many  mines,  but  usually  modi- 
fied as  to  width,  length,  and  spacing  of  rooms  and  in  various  other  ways 


*  H.  H.  Stoek:  Pocahontas  Region  Mining  Methods.  Mines  and  Minerals  (1909) 
29,  395. 

Audley  H.  Stow:  Mining  in  the  Pocahontas  Field.    Coal  Age  (1913)  3,  594. 

W.  H.  Grady:  Some  Details  of  Mining  Methods  with  Special  Reference  to  the 
Maximum  of  Recovery,  W.  Va.  Coal  Mm.  Inst.,  Dec,  1913.     Coal  Age  (1913)  5,  156. 

C.  M.  Young:  Percentage  of  Extraction  of  Bituminous  Coal  with  Special 
Reference  to  Illinois  Conditions,  Univ.  of  111.  Bull.  42,  (1917). 
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to    conform    to   local   conditions,   tonnage   requirements,   and   indivi- 
dual preferences. 

In  panel  No.  1,  rooms  are  driven  on  the  third  cross  entry  as  soon  as 
their  position  is  reached  and  pillar  mining  is  begun  as  soon  as  the  second 
room  is  completed.  Pillars  are  mined  on  the  advance  on  the  second  and 
third  cross  entries  to  within  100  ft.  of  the  second  cross  entry.  On  the  first 
cross  entry,  the  last  room  is  driven  first  and  pillars  are  mined  on  the 
retreat,  including  the  barrier  pillar  left  on  the  second  cross  entry. 


Fig.  9. — Adaptations  of  the  panel  system. 


In  panel  No.  2,  the  entries  are  driven  to  the  limit  before  rooms  are 
turned  off,  except  an  occasional  pair  of  rooms  as  shown.  The  last  room 
on  the  third  cross  entry  is  turned  off  first  and  pillar  mining  is  begun 
at  inside  corner  of  the  panel.  Rooms  are  developed  only  fast  enough 
to  keep  in  advance  of  the  pillar  mining. 

In  panel  No.  3,  the  entries  are  driven  to  the  limit  before  rooms  are 
turned  off,  except  as  shown.  The  last  room  on  the  first  cross  entry  is 
turned  off  first  and  pillar  mining  is  begun  as  soon  as  the  second  room  is 
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completed.  Rooms  are  developed  only  fast  enough  to  keep  in  advance 
of  the  pillar  mining. 

Where  pillar  mining  follows  promptly,  rooms  from  15  to  24  ft.  wide, 
(4.5  to  7.3  m.)  depending  on  the  character  of  the  top,  and  spaced  60  ft. 
center  to  center  provide  pillars  of  sufficient  size  to  permit  successful 
pillar  mining  under  any  conditions  of  roof  or  cover  yet  encountered; 
hence  these  widths  and  spacing  are  commonly  used,  although  there  are 
many  cases  of  greater  spacing  and  some  of  greater  widths.  Satisfactory 
results  have  been  obtained,  where  delay  can  be  avoided,  with  rooms 
36  ft.  wide,  spaced  90  ft.  center  to  center,  800  ft.  long,  having  two  tracks 
in  a  room,  but  under  good  roof,  well  and  sj'stematically  timbered,  and 
with  a  high  degree  of  supervision.  Under  present  systems,  from  40  to 
55  per  cent,  of  the  coal  area  opened  up  by  the  rooms  and  room  entries 
is  taken  in  the  first  mining. 

The  procedure  indicated  by  panel  No.  1  has  been  enlarged  upon  by 
continuing  the  entries  indefinitely,  as  shown  in  a  general  way  by  Fig.  10, 
and  described  by  W.  H.  Grady.^ 

Recoveries  Obtained 

Several  land-holding  companies  and  some  operating  companies,  some 
annually  and  others  every  two  years,  determine  the  quantity  of  coal 
recovered  from  each  mine  per  acre  of  coal  area  exhausted,  as  taken 
from  the  mine  maps,  and  calculate  the  percentage  of  recovery  by  com- 
paring the  tonnage  mined  with  the  theoretical  tonnage  contained  in  the 
same  area,  and  also  calculate  the  average  recovery  from  beginning  of 
operations  to  the  end  of  the  corresponding  period.  Theoretical  tonnage 
is  estimated  on  the  basis  of  1  gross  ton  per  cubic  yard  of  sohd  coal,  or 
1613.3  gross  tons  per  acre-foot,  corresponding  to  a  specific  gravity  of  1.328. 
The  specific  gra\dty  of  Pocahontas  coal  varies  from  1.298  to  1.330. 
Information  shown  by  Figs.  11  and  12  is  taken  from  the  records  of  such 
companies,  as  prepared  and  carried  forward  from  year  to  j^ear  since 
1890. 

Fig.  11  shows  graphically  the  average  thickness  of  coal,  the  average 
recovery,  in  gross  tons  per  acre-foot  and  also  in  percentage,  and  the 
proportion  of  pillar  mining,  in  67  mines  or  groups  of  mines  representing 
94  per  cent,  of  the  total  production  of  the  Pocahontas  field  to  the  end  of 
the  year  1920.  The  arrangement  of  mines  or  groups  of  mines  is  about  in 
the  order  in  which  shipments  were  begun.  The  combined  average  of  the 
mines  opened  in  each  10-year  period  and  the  combined  average  of  all  the 
mines  are  also  shown.  A  summary  of  these  averages,  and  of  the  coal 
area  exhausted  by  the  mines  opened  in  each  period,  is  as  follows: 

'^  Cost  Factors  in  Coal  Production.     Trans.  (1915)  61,  138. 
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Mines  Opened 

Thick- 
ness OF 
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Recovered 
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OP 

Recovery 
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or  Pillar 

IMlNING 

Per  Cent. 

Coal  Area 

Exhausted, 
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Coal  Mined 
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1883  to  1890.  . 

7.18 

1290 

80.0 

55 

10,790 

99,960,549 

1891  to  1900.  . 

5.56 

1411 

87.5 

49 

10,431 

81,827,688 

1901  to  1910.  . 

5.30 

1523 

94.4 

36 

10,261 

82,814,237 

1911  to  1920.  . 

6.24 
6.04 

1469 

91.1 
86.4 

18 
46 

725 

6,645,162 

Average .  . .  . 

1394 

32,207 

271,247,636 

Fig.  10. 


Thickness  of  coal  shown,  and  on  which  recoveries  are  based,  is  the  full 
thickness  of  clean  coal  in  the  seam,  except  that  for  a  number  of  years 
top  coal  left  in  first  mining  was  not  included  in  the  sections  measured  in 
mines  1,  2,  3,  4,  7,  8,  9,  13  and  55,  Fig.  11.     Thickness  of  coal  shown  for 
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these  mines  is,  therefore, 


less  than  the  actual  thickness  and  recovery  is 
6  correspondingly  higher  than 
the  actual  recovery.  On  the 
other  hand,  coke  was  manu- 
factured at  mines  1  to  41, 
inclusive,  and  48,  49,  50,  52, 
and  53.  Coal  used  in  making 
coke  was  estimated  at  the 
rate  of  1.6  tons  of  coal  per 
ton  of  coke  shipped,  but  under 
the  conditions  of  coke  manu- 
facture in  the  Pocahontas  field 
1.8  tons  would  have  been  a 
better  factor.  While  this  loss 
is  not  directly  chargeable  to 
recovery  in  mining,  it  is 
included  in  the  recoveries 
shown. 

It  may  be  noted  from  the 
thicknesses  that  the  first 
mines  were  opened  in  the 
thicker  coal  and  that  subse- 
quent development,  as  a  rule, 
extended  to  thinner  coal.  It 
may  also  be  noted  that  re- 
covery increases  as  thickness 
decreases,  as  indicated  by  the 
averages  of  mines  opened  in 
the  first  three  periods,  and 
that  recovery  decreases  as 
thickness  increases,  as  indi- 
cated by  the  averages  of  mines 
opened  in  the  last  period. 

This  increase  in  recovery 
may  be  attributed,  in  part, 
to  decrease  in  thickness  of 
coal;  in  part  to  improvement 
in  top  conditions  as  the  coal 
becomes  thinner,  permitting 
a  greater  proportion  of  the 
coal  area  to  be  taken  with 
^  safety  in  first  mining,  as  indi- 
cated by  the  decrease  in  pro- 
fs;       portion    of  pillar  mining;  in 
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part  to  the  fact  that  but  few  mines  opened  since  tlie  year  1900  have 
manufactured  coke;  and  in  part  to  the  changes  in  systems  of  mining. 

Decreases  in  recovery,  as  shown  by  the  average  of  mines  opened  in  the 
last  period,  is  on  account  of  the  predominating  tonnage  from  the  thick- 
coal  mine  62.  Top  coal  has  been  left  in  most  entries  of  this  mine  and 
has  been  included  in  the  thickness,  but  the  greater  part  of  this  top  coal 
may  be  recovered.  That  recovery  increases  as  thickness  decreases  is 
emphasized  by  comparing  results  at  mines  1  to  8,  there  being  little 
difference  in  their  conditions. 

Mine  No.  9  is  the  only  mine  completed;  it  shows  a  recovery  of  73.6 
per  cent.  Much  of  the  coal  left  in  first  mining  was  lost  on  account  of  very 
bad  top,  and  about  30  per  cent,  of  the  coal  produced  was  made  into  coke. 
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TO  END  OF  EACH  YEAR. 

Fig.  12. — Average  recovery,  by  years  (1890  to  1920),  and  from  beginning' 

OP  OPERATIONS  (1883)  TO  END  OF  EACH  YEAR  (1890  TO  1920)  PROM  A  GROUP  OP  MINES 
WHICH  FURNISHES  70  PER  CENT.  OF  THE  TOTAL  PRODUCTION  OP  THE  PoCAHONTAS  FIELD. 


In  mine  No.  40,  the  coal  was  only  4.5  ft.  thick  and,  in  spite  of  excellent 
supervision  and  great  care,  there  was  a  low  recovery  on  account  of 
unusually  bad  top. 

Mines  41,  52,  53,  and  60  have  thick  coal  and  an  excellent  recovery. 
Some  of  the  clean  coal  in  the  black-rash  top  is  loaded  out  in  these  mines, 
while  only  the  clean  coal  of  the  seam  is  included  in  the  thickness. 

Mines  42,  43,  and  44  have  about  the  same  thickness  of  coal  and  the 
same  proportion  of  pillar  mining  but  recover  97.9  per  cent.,  91.2  per  cent., 
and  85.0  per  cent.,  respectively,  because  of  different  top  conditions. 
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Mines  50,  55,  62,  and  63  are  the  only  ones  opened  since  1900  in 
which  top  coal  has  been  left  in  first  mining.  The  practice  has  been  dis- 
continued in  these  mines,  except  as  to  entries,  and  is  being  gradually 
discontinued  in  all  mines. 

Mines  56  and  57  do  not  show  any  pillar  mining.  The  workings  are 
in  No.  3  seam  and  are  laid  out  with  wider  pillars  than  usual  in  order  that 
pillar  mining  may  be  deferred  until  it  can  follow  the  pillar  mining  of 
No.  4  seam. 

Figure  12  shows  the  average  thickness  of  coal,  the  average  recovery, 
in  gross  tons  per  acre-foot  and  also  in  percentage,  and  the  average  pro- 
portion of  pillar  mining  by  years  (1890  to  1920),  and  from  the  beginning 
of  operations  (1883)  to  the  end  of  each  year  (1890  to  1920),  of  all  the 
mines  on  the  property  of  one  of  the  land-holding  companies  representing 
70  per  cent,  of  the  total  production  of  the  Pocahontas  field  to  the  end  of 
1920,  and  including  mines  opened  in  other  fields  since  1915.  It  shows 
also  the  number  of  mines  opened  at  the  end  of  each  year  and  the  area 
mined  each  year. 

The  averages  from  beginning  of  operations  in  1883  to  the  end  of 
1890,  1900,  1910,  and  1920  are  as  follows: 


Thickness 
OP  Coal, 
Yeab             Feet 

Gross  Tons 

Recovered 

PER  Foot-acre 

Percentage 

of 

Recovert 

Proportion 

OP  Pillar 

Mining, 

Per  Cent. 

Coal  Area 

Exhausted, 

Acres 

Coal  Mined, 
Gross  Tons 

1883  to  1890     7.89 

1,161 

72.0 

899.00 

8,237,734 

1883  to  1900     6.74 

1,310 

81.2 

47 

4,054.20 

35,786,555 

1883  to  1910    6.26 

1,358 

84.2 

41 

10,894.95 

92,640,961 

1883  to  1920     5.90 

1,404 

87.0 

44 

25,431.59 

210,547,609 

It  may  be  noted  that,  although  the  recovery,  by  years,  varies  greatly, 
due  in  part  to  economic  and  industrial  conditions  that  prevailed  in  the 
field  from  time  to  time,  and  to  other  causes,  the  average  recovery  from 
the  beginning  shows  a  progressive  increase. 

As  to  the  effect  of  the  character  of  bottom  on  recovery,  there  have 
been  occasional  instances  of  pronounced  squeezes  in  which  fireclay 
bottom  would  heave  in  openings,  causing  serious  interruptions  to  haulage, 
delay  in  removing  pillars,  and  consequent  losses.  Otherwise,  the  effect 
of  character  of  bottom  on  recovery  has  been  negligible. 

Discussion  of  this  paper  begins  on  page  313. 
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Some  Considerations  Affecting  Percentage  of  Extraction jn 
Bituminous  Coal  Mines  in  America 

By  H.  H.  Stoek,*  Urbaxa,  III. 

(New  York  Meeting,  February,  1922) 

A  STUDY  of  American  coal-mine  practice  shows  two  of  its  distinctive 
features  to  be:  A  greater  number  of  accidents  per  thousand  emplo3^ees 
than  in  any  of  the  other  leading  coal-producing  countries;  a  much  greater 
percentage  of  the  coal  lost  than  in  any  of  the  other  leading  coal-producing 
countries.  Although  our  subject  is  mainly  concerned  with  the  second 
feature,  any  consideration  of  mining  methods  should  include  safety, 
efficiency,  and  economy  or  costs.  If  the  argument  could  be  offered 
that  our  wasteful  mining  was  necessary  on  account  of  safety,  and  that  it  is 
carried  out  with  less  loss  of  life  than  in  other  countries,  the  plea  for 
conservation  of  coal  could  not  be  so  strongly  urged.  But  when  we  are 
wasteful  of  both  life  and  property,  the  subject  merits  more  consideration 
than  it  has  received. 

Some  coal  operators  will  doubtless  say  that  the  unit  of  accidents 
should  be  the  number  per  million  tons  produced  rather  than  per  thousand 
employees,  for  by  adopting  this  unit  America  probably  stands  in  the  lead 
rather  than  the  lowest  among  the  countries.  However,  vital  statistics 
are  not  usually  so  expressed  by  other  governments,  by  life  and  accident 
insurance  companies,  or  in  other  industries,  and  it  is  merely  begging  the 
question  and  attempting  to  bolster  up  a  bad  condition  to  adopt  a  peculiar 
unit  for  the  statement  of  our  accidents. 

For  many  years  the  statement  was  made  by  various  agencies,  and 
was  unchallenged,  that  "For  every  ton  of  bituminous  coal  mined  in  the 
United  States  a  ton  had  been  lost  in  the  way  of  pillars  left  in  the  mines." 
This  statement  was  undoubtedly  true  for  many  years,  and  although  in  the 
past  decade  some  progress  has  been  made  toward  obtaining  a  higher 
extraction,  and  in  some  districts  very  decided  progress,  the  loss  is  still 
great;  and,  although  no  exact  data  can  be  given,  it  is  probable  that  for  the 
United  States  as  a  whole  at  least  one  ton  is  lost  for  every  two  mined. 


•  Professor  of  Mining  Engineering,  University  of  Illinois. 
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George  S.  Rice,  chief  mining  engineer,  U.  S.  Bureau  of  Mines,  recentlj'' 
said:^  "The  bald  statement  that  there  is  a  loss  of  one  ton  of  coal  for 
every  two  recovered  may  seem  to  those  not  familiar  with  coal  mining  to 
imply  inexcusable  and  wanton  waste.  Perhaps  a  better  way  of  expres- 
sion is  in  terms  of  total  recovery  rather  than  in  terms  of  losses.  Many 
mine  superintendents  and  mine  owners  will  readily  concede  that  their 
total  recovery  may  be  only  60  or  75  per  cent.,  but  to  state  that  they  are 
wasting  25  to  40  per  cent,  arouses  antagonism.  The  suggestion  is  of 
wilful  waste,  whereas  the  majority  of  the  operators  try  to  the  best  of  their 
ability  to  get  a  high  recovery  under  the  adverse  and  complex  conditions 
that  confront  them.  These  involve  natural,  commercial,  and  labor 
conditions,  and  the  requirement,  in  many  cases,  of  boundary  pillars 
under  railroads  and  buildings,  which  may  be  called  for  in  the  deed  or 
lease,  or  in  the  absence  of  specific  exemption  in  the  deed  or  lease,  the 
common-law  requirement  that  a  surface  owner  is  entitled  to  the  support 
of  the  surface." 

In  1905,  the  writer  compiled^  a  table  of  percentages  of  coal  recovery 
secured  by  correspondence  with  coal  operators  in  Alabama,  Arkansas, 
Colorado,  Illinois,  Indian  Territory,  Iowa,  Maryland,  and  West  Virginia. 
The  percentages  given  varied  from  70  to  95,  but  in  the  light  of  later  experi- 
ence, as  will  be  explained  later,  many  of  these  percentages  were  probably 
estimated  entirely  too  high.  In  1914,  A.  W.  Hesse^  gave  percentages  of 
extraction  varying  from  55  to  97  per  cent,  for  some  of  the  same  states,  also 
Michigan  and  Ohio.  In  the  bulletins  of  the  IHinois  Coal  Mining  Investi- 
gations, in  1915,  the  extraction  for  Illinois  was  given  as  varying  from  41 
to  96  per  cent.,  and  an  average  for  thirty  panel  mines  gave  55  per  cent, 
recovery  and  an  average  of  forty-eight  pillar  mines  gave  54  per  cent. 

The  writer  is  convinced  that  most  of  the  figures  published  for  extrac- 
tion are  too  high,  as  they  are  estimates  and  not  based  on  a  close  measure- 
ment of  areas  extracted  compared  with  coal  hoisted,  or  they  apply  only 
to  small  areas,  as,  for  instance,  a  single  panel  or  group  of  panels,  and  do  not 
represent  the  average  condition  for  the  entire  mine. 

In  an  examination  of  a  number  of  mines  in  western  Pennsylvania, 
West  Virginia,  and  Maryland,  in  1918,  wherever  it  was  possible  to  secure 
percentages  of  extraction  based  on  a  measurement  of  areas  excavated  as 
compared  with  the  output  hoisted,  the  figures  were  found  to  be  from  10 
to  15  per  cent,  below  those  given  by  the  operating  officials  at  the  mines. 
For  instance,  the  consulting  engineer  of  one  large  coal  company,  who  has 
kept  detailed  figures  for  all  of  the  mines  of  that  company  for  a  number  of 
years,  gave  his  best  yearly  figures  for  extraction  as  from  85  to  90  per  cent., 


^Reports  of  Investigations.  U.  S.  Bureau  of  Mines  (April,  1921.) 

^  Mines  and  Minerals  (1905)  26,  107 

'Paper  before  West  Virginia  Mining  Institute. 
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but  when  the  mines  were  visited  the  local  superintendents  and  fore- 
men declared  that  "Every  pound  of  coal  is  being  taken  out"  or  that 
"  Undoubtedly  the  extraction  is  from  95  to  98  per  cent.,"  etc. 

In  1914-15,  a  committee  reported  that  in  a  certain  mining  district 
about  65  per  cent,  of  the  coal  was  being  recovered.  A  subsequent  resur- 
vey  of  twelve  of  the  largest  mines  in  the  same  district  made  by  a  number 
of  engineers  gave  percentages  of  extraction  varying  from  37.7  to  49.5  or  an 
average  of  41.4  per  cent.  The  original  amount  of  coal  was  obtained  by 
carefully  measuring  a  large  number  of  sections  of  the  coal  bed  and  then 
measuring  the  area  excavated,  as  shown  by  the  mine  maps  with  the  plani- 
meter;  this  amount  was  then  divided  by  the  amount  of  coal  hoisted  and  as 
the  oldest  mine  had  been  operating  only  about  ten  years  the  total  output 
was  easily  obtainable.  One  reason  for  the  discrepancy  between  these 
figures  and  those  previously  reported  was  that  in  the  earlier  report  only 
the  thickness  of  the  seam  as  mined  was  considered  and  no  account  was 
taken  of  the  fact  that  in  most  of  the  mines  13^^  ft.  (0.5  m.)  of  top  coal  is  left 
up  to  protect  the  shale  roof.  The  average  thickness  of  coal  mined  was 
7.46  ft.  for  the  twelve  mines  visited,  which  gives  a  loss  of  about  16  per 
cent,  which  was  not  included  in  the  first  estimates.  In  these  mines,  it  was 
"hoped"  when  the  above  survey  was  made  that  much  of  the  pillar  coal 
would  be  subsequently  recovered,  but  during  a  period  of  six  years  very 
little  of  it  has  been  mined  and  the  indications  are  that  very  little  will  be 
in  the  future,  for  the  mines  are  all  large  producers  and  it  will  not  be  consid- 
ered profitable  to  reduce  the  daily  output  by  interfering  with  the  normal 
haulage  system,  as  would  be  necessary  if  an  attempt  were  to  be  made  to 
haul  the  relatively  small  amount  of  coal  that  could  be  gotten  from  such 
pillars  as  may  now  be  available  for  mining.  Unless  pillars  are  recovered 
quickly  and  pillar  drawing  forms  a  definite  part  of  the  initial  planning, 
very  little  pillar  coal  will  be  recovered.  In  other  words,  many  coal  opera- 
tors are  deceiving  themselves  by  counting  on  a  recovery  of  pillars  at 
some  indefinite  date  in  the  future. 

American  mining  engineers  and  coal  operators  have  shown  that 
they  can  secure  as  good  results,  in  the  way  of  recovery,  as  are  obtained  in 
any  foreign  countries  where  the  economic  conditions  permit.  The  reason 
this  has  not  been  done  more  generally  has  not  been  due  to  the  technical 
difficulties,  but  to  real  or  assumed  commercial  and  labor  conditions,  such 
as  very  low  cost  of  the  raw  material,  which  is  not  conducive  to  saving ; 
easy  operating  conditions,  which  have  made  the  number  of  mines  to  be 
greatly  in  excess  of  those  needed  for  normal  consumption  and  have  thus 
given  irregular  work  and  too  much  competition;  unfortunate  agreements 
between  operators  and  miners  that  have  made  changes  in  existing 
methods  difficult  to  install  for  fear  of  strikes  or  a  change  in  the  wage  scale. 

Where  land  containing  coal  8  ft.  thick,  or  about  13,000  tons  per 
acre,  has  been  bought  for  from  $5  to  $30  per  acre,  or  even  $100,  the  value 
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per  ton  in  the  ground  is  too  often  considered  negligible  and  does  not  forma 
potent  conservation  argument.  The  greatest  advances  in  coal  extraction 
have  been  made  where  the  end  of  a  given  deposit  is  in  sight,  or  the  value 
of  the  coal  lands  is  quoted  in  thousands  rather  than  hundreds  of  dollars 
per  acre,  as  in  the  Connellsville  district  of  western  Pennsylvania. 

Peele  in  his  "Mining  Engineers'  Handbook  "says  "  A  mining  method  is 
rarely  ideal  from  all  standpoints.  It  is  generally  a  compromise  between 
conflicting  factors."  The  factors  that  should  be  considered  in  any 
choice  of  a  method  may  be  classified  under  several  heads : 

First,  safety. 

Second,  geological  conditions,  such  as:  Thickness,  extent,  inclina- 
tion, and  uniformity  of  the  coal  bed;  hardness;  cleat  and  partings  of  the 
coal;  presence  of  dips,  faults,  gas,  water,  etc.;  depth  of  cover;  character 
of  overlying  and  underlying  rocks;  surface  topography,  including  the  loca- 
tion of  bodies  of  water,  sand,  etc.;  climate  and  geographical  location,  etc. 

Third,  operating  and  financial  conditions,  such  as:  Laws  requiring 
surface  protection  against  subsidence  and  public  opinion  against  sub- 
sidence; amount  of  timber  available,  or  amount  of  material  such  as  sand 
for  filling;  character  of  labor  available,  whether  skilled  or  unskilled, 
organized  or  unorganized;  if  organized  what  the  agreement  is  between 
operators  and  miners;  character  of  management;  amount  of  capital 
available  and  the  necessity  of  obtaining  a  quick  return  or  of  working  for 
the  future  as  well  as  for  the  present;  possibility  of  maintaining  a  haulage 
system  for  a  given  output  that  will  keep  the  mine  busy;  disposition  of 
the  product:  Is  it  necessary  to  keep  the  coal  in  lump  form  as  much  as 
possible  for  commercial  purposes  or  is  it  to  be  used  for  coking  so  that 
crushing  in  the  mine  is  immaterial? 

Safer  working  conditions  are  steadily  receiving  more  attention  because 
of  increased  activity  in  inspection  by  state,  company,  and  compensation 
insurance  inspectors. 

The  geological  conditions  are  generally  favorable  for  systematic 
working  and  the  natural  conditions  are  much  more  favorable  in  nearly 
all  of  the  principal  American  coal  fields  than  in  the  European  coal  fields, 
where  the  accidents  are  much  fewer  and  the  extraction  much  greater.  In 
spite  of  the  opinion  of  many  operating  men  to  the  contrary,  the  writer 
believes  that  there  are  few  places  in  the  chief  producing  coal  fields  of  the 
United  States  where  the  natural  conditions  require  the  present  wasteful 
methods.  Pillars  are  now  being  successfully  drawn  under  practically 
all  geological  conditions  that  are  considered,  in  other  regions,  to  be  such 
as  to  preclude  successful  pillar  drawing. 

The  financial  condition  that  requires  a  quick  return  on  the  investment 
is  undoubtedly  one  of  the  chief  causes  that  leads  to  the  use  of  tried 
methods  giving  certain  results  rather  than  to  try  methods  having  an 
element  of  uncertainty.     This  was  well  illustrated  in  southern  Illinois. 
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At  the  beginning  of  the  World  War,  a  number  of  coal  companies  were 
either  experimenting  with  pillar  drawing  or  studying  the  problem  prepara- 
tory to  trying  some  method.  The  war  demands  for  a  maximum  output 
naturally  put  an  end  to  all  experimentation  and  untried  methods  and  the 
after-war  period  has  offered  no  inducement  to  resume  the  experiments, 
because  of  financial  and  labor  troubles. 

The  labor  conditions  in  one  section  of  the  country  are  frequently  not 
understood  by  residents  in  another  section.  An  operator  in  a  non-union 
Pennsylvania  district  can  easily  suggest  how  he  would  improve  conditions 
if  he  were  mining,  say,  in  Illinois,  but  when  he  buys  an  Illinois  mine  he 
usually  finds  that  the  "agreement"  interposes  many  unthought  of 
obstacles  to  his  plans  for  improvement.  Many  mines  have  been  opened 
without  adequate  preliminary  study  of  the  local  conditions  and  without 
any  definite  projection  plans  for  the  future  operation  of  the  mine.  The 
only  reason  for  the  method  adopted  was  that  it  was  one  with  which  the 
parties  opening  the  mine  were  familiar  when  operating  elsewhere. 

Methods  of  mining  have  followed  the  migration  of  the  miners  from 
one  district  to  another.  As  most  of  our  pioneer  miners  were  from  England, 
Scotland,  and  Wales,  the  early  methods  were  based  on  the  methods  used  in 
those  countries,  too  often  with  httle  regard  for  the  local  underground 
conditions.  Then,  as  men  moved  from  one  mining  region  in  the  United 
States  to  a  newer  field,  the  methods  of  the  older  region  were  used  in  the 
new.  Such  a  procedure  is  to  be  expected,  because,  owing  to  the  unknown 
nature  of  underground  conditions,  men  are  naturally  loath  to  experiment 
and  prefer  to  go  ahead  along  fines  with  which  they  are  familiar. 

A  number  of  methods  of  drawing  pillars  have  been  successfully  worked 
out  within  the  past  10  or  15  years,  particularly  in  the  Appalachian  coal 
fields  where  the  increasing  value  of  coal  lands  underlaid  by  the  high-grade 
Pittsburgh  seam  has  made  it  imperative  that  the  remaining  resources  be 
husbanded.  These  methods  have  been  described  in  detail  in  the  several 
coal  journals,  in  Bulletin  No.  100  of  the  Engineering  Experiment  Station, 
University  of  Illinois,  in  the  transactions  of  the  several  coal  mining 
institutes,  and  particularly  in  a  paper  by  A.  W.  Hesse  read  before  the  Coal 
Mining  Institute  of  America  in  December,  1919.''     Space  will  not  permit 


'^Proc.  Coal  Mining  Institute  of  America  (1919)  106  and  Coal  Industry,  December 
(1919)  2,  543.     See  also  description  of  pillar  drawing  as  follows: 

Patrick  Mullen :  New  Mining  Methods  as  Practiced  by  the  H.  C.  Frick  Coke  Co. 
Proc.  Engrs.  Soc.  W.  Pa.  (1916)  32,  714;  Coal  Age  (1916)  10,  700. 

W.  H.  Howarth:  Mining  by  Concentration  Method.  Proc.  Coal  Min.  Inst. 
Amer.  (Dec.  22,  1916);  Coal  Age  (1916),  9,  125. 

F.  W.  Cunningham:  Best  Method  of  Removing  Coal  Pillars.  Proc.  Coal  Min. 
Inst.  Amer.  (1910)  275;  (1911)  35. 

W.  L.  Aff elder:  Rib  Drawing  by  Machinery.  Proc.  Coal  Min.  Inst.  Amer.  (1912) 
232. 
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a  detailed  discussion  of  these  methods,  but  a  study  of  the  Hterature  on 
better  coal  recovery  and  a  field  study  of  successful  methods  will,  I  believe, 
confirm  the  following  conclusions  and  suggestions: 

1.  In  considering  the  applicability  of  a  method  of  extraction  all  of  the 
conditions  must  be  considered.  For  instance,  the  concentration  method 
of  the  H.  C.  Frick  Coke  Co.  used  in  many  parts  of  the  Connellsville 
district,  where  the  geological  conditions  are  similar  to  those  of  Illinois 
in  most  respects,  is  carried  on  under  the  following  operating  conditions 
that  are  quite  different  from  those  that  prevail  in  most  of  the  Middle 
West  coal  fields :  (a)  The  coal  is  intended  for  coking  and  hence  the  more 
it  is  crushed  the  better;  (b)  the  labor  employed  is  non-union;  (c)  the  men 
are  shifted  from  place  to  place  in  the  mine  and  work  thus  concentrated 
at  points  where  desired,  but  in  the  Middle  West  the  practice  prevails  of 
one  man  for  one  room  in  which  he  expects  to  work  and  not  to  be  shifted 
from  place  to  place;  (d)  there  is  no  yardage  and  narrow  work  and  different 
gangs  of  men  are  employed  for  mining,  shooting,  timbering,  and  loading. 

An  essential  consideration  for  high  recovery  is  a  mobile  labor  force, 
which  permits  concentration  of  miners;  a  rapid  removal  of  the  coal  is 
also  necessary. 

2.  While  there  is  a  similarity  in  the  successful  methods  used  for  obtain- 
ing high  percentages  of  recovery,  no  standard  and  universal  method  has 
been  developed;  there  are,  however,  a  number  of  methods  that  adapt  the 
same  general  principles  to  a  wide  variation  of  local  conditions. 

3.  The  best  results  are  obtained  by  companies  that  mine  under  a 
definite  projection  plan  for  the  future  and  are  not  dependent  on  immedi- 
ate financial  returns.  The  best  result  will  undoubtedly  be  obtained  by 
driving  entries  to  the  boundries  of  the  coal  area  and  drawing  the  pillars 
full  retreating.  Very  good  results  are  being  obtained  by  drawing  pillars 
within  panels  by  driving  the  panel  entries  to  the  limit  of  the  panel,  then 
beginning  the  rooms  at  the  inbye  end  of  the  entry  so  that  pillar  drawing 
may  begin  as  soon  as  the  inbye  room  is  finished.  In  many  cases,  the 
rooms  are  driven  and  pillar  drawing  started  just  inside  the  barrier  pillar 
along  the  main  or  cross  entry  as  the  entries  progress  inbye.  Many  at- 
tempts to  draw  pillars  have  been  unsystematic  and  have  failed  completely 
or  have  given  unsatisfactory  results.     On  such  unsystematic  attempts 

W.  A.  Stillman:  Big  Pillar  System  of  Mining.  Proc.  Coal  Min.  Inst.  Amer. 
(1911)  76. 

H.  V.  Hesse:  Maximum  Recovery  of  Coal.  Proc.  W.  Va.  Coal  Min.  Inst.  (1908) 
75;  and  Mines  and  Minerals  (1908)  29,  373. 

H.  H.  Stoek:  Pocahontas  Region  Mining  Methods.  Mines  and  Minerals 
(1905)  29,  395. 

Audley  H.  Stow:  Mining  in  the  Pocahontas  Field.     Coal  Age  (1913)  3,  594. 

W.  H.  Grady:  Some  Details  of  Mining  Methods  with  Special  Reference  to  the 
Maximum  of  Recovery.  Proc.  W.  Va.  Coal  Min.  Inst.  (December,  1913);  Coal  Age 
(1913)  5,  156. 
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are  based  many  of  the  prejudices  regarding  the  practicability  of  pillar 
drawing.  Pillar  drawing  should  not  be  attempted  unless  a  definite 
plan  has  been  worked  out  and  the  company  is  willing  to  give  the  plan  a 
fair  trial,  extending  over  a  period  possibly  of  several  years. 

4.  The  successful  methods  for  obtaining  a  high  recovery  get  most  of  the 
coal  from  the  pillars  and  not  from  the  rooms,  as  in  ordinary  room-and- 
pillar  work.  The  development  of  the  present  practice  has  been  by  a 
gradual  widening  of  the  pillars,  sometimes  accompanied  by  a  decrease  in 
room  width,  but  not  always.  Where  best  results  are  now  being  obtained 
rooms  from  12  to  20  ft.  (3.7  to  6  m.)  wide  are  driven  upon  90  to  100-ft. 
(27  to  30-m.)  centers,  thus  leaving  a  pillar  from  80  to  88  ft.  wide.  The 
width  of  room  seems  to  depend  more  on  whether  or  not  yardage  must  be 
paid  rather  than  on  the  nature  of  the  roof.  A  number  of  companies 
are  still  using  60-ft.  centers  with  narrow  rooms  with  fairly  good  results, 
but  the  operating  officials  have  frequently  expressed  the  opinion  that 
they  would  get  better  results  if  larger  pillars  were  used. 

5.  For  successful  pillar  work,  strain  on  the  roof  above  the  rooms  must 
not  be  great  enough  to  cause  the  roof  to  fall  before  the  pillar  coal  is  re- 
moved or  to  make  the  cost  of  timbering  such  a  roof  prohibitive.  The  fall 
of  roof  in  the  rooms  may  be  overcome  by  making  narrow  rooms,  but  the 
very  narrow  rooms  used  in  some  districts  do  not  seem  to  be  necessary; 
success  in  pillar  drawing  is  quoted  with  rooms  18  to  22  ft.  wide,  which  is 
above  the  ordinary  yardage  limit.  Strain  on  the  pillars  must  not  be 
great  enough  to  cause  squeezing  and  the  roof  must  be  of  such  a  character 
that  it  will  break  and  not  bring  undue  strain  on  the  retreating  pillar  face. 

6.  A  fundamental  principle  in  pillar  work,  to  prevent  squeezing  the 
coal  back  of  the  working  face,  is  to  take  out  as  nearly  as  possible  all  of 
the  coal  so  as  to  secure  a  roof  fall  as  near  as  possible  to  the  face  of  the 
pillar.  Small  stumps  are  worse  than  useless  as  they  retard  roof  breaks 
and  cause  the  pressure  to  ride  back  upon  the  pillars.  Great  care  is  taken, 
therefore,  not  to  leave  stumps  of  coal  in  the  gob,  even  though  the  coal 
recovered  may  not  pay  for  the  work  of  removing  the  stump,  or  may  have 
to  be  abandoned  in  the  gob. 

7.  It  has  been  found  wise,  generally,  to  protect  the  men  driving 
through  pillars  by  a  narrow  curtain  pillar  between  the  working  place 
and  the  fallen  gob,  this  curtain  pillar  being  removed  in  great  part  as  the 
track  is  taken  up  in  the  working  place. 

8.  Subsidence  of  the  surface  should  be  considered  a  probable  accom  - 
paniment  of  pillar  drawing  and  the  pillars  should  be  removed  systematic- 
ally so  that  the  resulting  subsidence  may  occur  uniformly  and  not  in 
isolated  spots,  for,  although  there  may  be  a  temporary  disturbance  of  the 
surface  with  systematic  pillar  drawing,  the  surface  conditions  after  a 
short  time  may  be  as  good  or  nearly  as  good  as  before  the  pillar  drawing. 

The  question  of  leaving  adequate  support  for  the  surface  is  being 
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seriously  considered  by  the  railroads  in  connection  with  the  valuation  of 
their  rights-of-way  where  such  are  underlaid  bj^  coal  which  is  owned 
by  the  railroads  or  has  been  leased  to  coal  companies.  In  a  circular 
in  the  report  of  the  Sub-Committee  of  the  President's  Conference  Com- 
mittee upon  the  "Federal  Valuation  of  Railroads  in  the  United  States" 
dated  Nov.  1,  1921,  one  of  the  essential  factors  noted  in  connection  with 
the  valuation  of  the  right-of-way  underlaid  by  coal  is,  "The  amount  of 
coal  (expressed  in  percentage)  which  is  necessary  to  remain  in  the  ground 
to  support  the  surface."     The  following  table  is  suggested  in  the  circular: 

Amount  Necessary 
Depth  Below  to  Support  Surface 

Surface,  Feet  Per  Cent. 

0  to    50 100 

50  to  100 70 

100  to  200 60 

200  and  deeper 50 

This  table  is  open  to  serious  objections,  as  it  takes  no  account  of  th 
character  of  the  overlying  material,  and  the  results  in  Illinois,  at  least, 
show  that  50  per  cent,  of  coal  left  at  a  depth  of  300  ft.  and  more  may  not 
prevent  subsidence. 

In  the  near  future,  the  question  of  proper  support  for  pubHc  highways 
may  also  arise  in  view  of  the  great  sums  being  spent  for  hard  roads 
throughout  the  United  States. 

9.  If  the  mine  is  at  all  gaseous,  permissible  explosives  and  electric 
safety  lamps  only  should  be  used  in  the  pillar  work  as  the  men  necessarily 
work  near  the  old  gobs  where  falls  are  constantly  occurring. 

10.  Although  statistics  are  not  available  regarding  the  relative  num- 
bers of  accidents  in  pillar  drawing  and  room  work,  a  number  of  inspectors 
connected  with  liability-insurance  companies  and  operating  officials 
have  expressed  the  opinion  that  there  are  no  more  accidents  in  pillar 
work  than  in  ordinary  room-and-entry  work  and  that,  while  such  work 
requires  careful  workmen,  often  they  are  not  unusually  skilled.  As 
pillar  men  usually  make  more  money  than  other  miners,  such  work  is 
frequently  preferred  after  it  has  been  weU  tried  by  the  miners. 

11.  Pillar  coal  does  not  necessarily  mean  more  fine  coal,  as  is  generally 
assumed,  although  care  must  be  taken  to  prevent  the  making  of  fines. 
The  increased  use  of  fine  coal  will  remove  one  of  the  great  obstacles  to 
pillar  drawing;  viz.,  the  fear  that  the  percentage  of  slack  will  be  increased. 
Some  persons  have  expressed  the  opinion  that  pillar  coal  is  inferior  in 
quality  to  room  coal,  but  it  is  doubtful  if  this  can  be  substantiated,  particu- 
larly in  the  case  of  large  pillars  and  where  the  pillar  drawing  follows 
closely  the  first  working. 

12.  It  was  formerly  considered  that  pillar  coal  must  be  hand  mined  but 
in  recent  years,  particularly  with  the  large  pillars  now  used  in  many 
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regions,  the  use  of  luachiues  has  proved  practicable.  Their  use,  of 
course,  depends  on  the  nature  of  the  coal  and  of  the  roof;  they  are  not 
universally  applicable. 

13.  Undoubtedly  one  of  the  great  drawbacks  to  more  extensive  experi- 
mentation in  pillar  drawing  has  been  the  fear  of  the  operator  in  union 
districts  that  any  improvement  may  mean  a  lengthy  controversy,  possibly 
a  strike,  and  most  surely  a  demand  for  an  increase  in  the  mining  rate  which 
may  make  a  prohibitive  differential  against  the  proposed  method. 

14.  It  has  been  suggested  that  the  Government  might  set  up  a  regula- 
tion requiring  certain  methods  to  be  used  that  would  give  a  maximum 
production  under  existing  conditions,  but  this  has  not  been  tried  and 
most  hkely  it  will  not  be  except  possibly  in  connection  with  some  of  the 
federal  leases  in  western  lands. 

DISCUSSION 
{Includes  also  the  paper  by  Thomas  H.  Clagett,  pp.  294-304) 

P.  D.  Browning,*  Windber,  Pa.  (written  discussion). — About 
7  mi.  (11  km.)  southeast  of  Johnstown,  Pa.,  the  mining  community  of 
Windber  lies  on  the  border  Hne  of  Cambria  and  Somerset  counties  at  an 
approximate  elevation  of  1700  ft.  (518  m.).  The  coal  field  is  a  part  of 
the  great  basin  embraced  in  the  Appalachian  plateau  and  the  mining 
operations  of  this  district  are  on  the  southeastern  flank. 

Paint  Creek  and  its  tributaries  divide  the  Windber  field  into  two 
parts.  South  of  the  creek,  for  a  number  of  miles,  erosion  has  left  the  coal 
seams  in  isolated  areas  varying  in  extent  from  a  few  to  2000  acres 
(809  ha.).  North  of  Paint  Creek  and  the  community  of  Windber,  the 
holdings  of  the  company  lie  in  a  w^ell-defined  spoon-shaped  trough, 
known  as  the  Wilmore  syncline.  Its  axis  is  about  north  30°  east  and 
pitches  approximately  2  per  cent,  t©  the  north.  In  the  isolated  coal 
areas  south  of  Paint  Creek,  the  measures  lie  comparatively  flat,  except 
in  occasional  places  where  grades  up  to  5  or  6  per  cent,  are  encountered. 
In  the  Wilmore  synchne,  the  dip  of  the  beds  on  the  eastern  hmb  or  flank 
varies  from  10  per  cent.,  near  the  outcrop,  to  }4.  per  cent,  in  the  trough, 
the  transition  being  quite  gradual  as  the  basin  is  approached.  On  the 
western  limb  of  the  syncline,  the  mine  workings  disclose  dips  as  great  as 
6  and  8  per  cent.  In  driving  parallel  with  the  axis  of  the  trough,  grades 
up  to  5  and  6  per  cent,  are  encountered.  The  measures  of  the  Wilmore 
syncline  continue,  over  the  Ebensburg  antichne  on  the  west  and  form 
the  Johnstown  synchne,  in  which  large  mining  operations  have  been 
conducted  in  Cambria  and  Somerset  counties  for  a  number  of  years. 


*  Mining  Engineer,  Berwind-White  Coal  Mining  Co. 
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The  only  seam  of  coal  that  has  been  mined  to  any  great  extent  by  the 
Berwind-White  operations  is  the  Lower  Kittanning,  or  B,  the  thickness 
of  which  varies  from  3  to  4  ft.  (0.9  to  1.2  m.),  3  ft.  8  in.  being  about  the 
average.  The  coal  is  friable  and  has  a  characteristic  columnar  fracture 
but  no  well-defined  cleats.  Classified  in  Pool  No,  1  and  on  the  United 
States  Navy  acceptable  list,  it  has  an  excellent  reputation  as  a  high- 
grade  fuel. 

Because  of  numerous  rolls  in  the  bottom  and  the  ease  with  which  the 
coal  can  be  mined  by  pick,  mining  machines  are  not  in  general  use, 
although  short  wall  chain  machines  are  employed  when  conditions 
warrant.  Clay  veins  are  frequently  met  and  several  well-defined  and 
rather  extensive  so-called  faulted  areas  have  been  disclosed  by  drilling 
and  mining  operations. 

The  immediate  roof  of  the  seam  is  usually  a  shale,  which  varies  from 
3  to  15  ft.  in  thickness.  Above  this  is  a  massive  sandstone  which  fre- 
quently is  found  just  over  the  coal.  The  floor  is  a  hard  fireclay  several 
feet  thick,  which  disintegrates  upon  exposure  to  air  or  water.  Below  the 
fireclay  is  a  hard  shale.  Experience  has  shown  that  it  is  better  to  lift 
bottom  than  to  take  down  roof  in  the  entries,  the  overlying  strata  causing 
less  trouble  if  it  remains  intact  on  the  advance. 

In  general,  little  diflBculty  is  experienced  on  account  of  roof  conditions 
in  that  portion  of  the  field  lying  south  of  Paint  Creek,  where  the  coal 
seams  are  in  isolated  areas.  Here  the  maximum  cover  overlying  the 
Lower  Kittanning  seam  is  approximately  275  ft.  (84  m.);  north  of 
Windber,  in  the  Wilmore  synchne,  the  situation  is  similar  until  from  400 
to  500  ft.  (122  to  152  m.)  of  cover  is  attained.  At  present,  many  of  the 
workings  are  under  from  700  to  900  ft.  of  cover,  and  considerable  difl&culty 
is  experienced  because  of  unfavorable  roof  conditions.  Entries  driven 
for  development  frequently  cave  for  great  distances  without  any  warning, 
the  roof  cutting  or  shearing  off  at  the  ribs  to  a  height  of  10  or  15  ft. 
(3  to  4.5  m.)  above  the  coal.  Unless  ample  pillars  are  left  under  this 
heavy  cover  and  a  well-defined  break  line  is  established  in  retreat  work, 
the  bottom  is  apt  to  heave,  causing  considerable  annoyance  and  expense. 

The  room-and-pillar  panel  system  of  mining  is  employed.  The 
mine  openings  are  considered  drifts  although  most  of  the  main  entries 
dip  about  2  per  cent,  from  the  pit  mouth  to  the  face.  The  direction 
of  the  main  entries  depends  on  the  territory  to  be  mined,  the  grades 
encountered,  and  other  factors.  Panel  entries  are  usually  turned  at 
right  angles  to  the  main  entries  at  intervals  of  about  1800  ft.  (549  m.), 
and  room  entries  are  broken  off  the  panels  every  350  ft.  (107  m.).  The 
rooms  are  turned  on  60-ft.  centers  and  driven  from  18  to  24  ft.  wide, 
depending  on  the  cover  and  general  roof  conditions.  Ample  barrier 
pillars  are  left  along  the  main  and  panel  entries,  from  30  to  35  per  cent, 
of  the  coal  being  mined  on  the  advance.     The  workings  are  projected 
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and  driven  in  such  a  manner  that  the  rooms  hole  through  to  gob,  not 
more  than  five  or  six  places  being  driven  at  one  time.  A  well-defined 
break  line  is  established  in  retreat  work.  Whenever  possible,  the  panels 
are  driven  to  the  limit  and  the  mining  done  on  full  retreat. 

The  question  naturally  arises  as  to  what  percentage  of  recovery  is 
obtained  under  the  conditions  outlined.  One  of  the  first  mines  developed 
in  the  field  was  situated  south  of  Paint  Creek  and  embraced  a  merchant- 
able coal  area  of  550  acres  (223  ha.)  of  the  Lower  Kittanning  seam. 
Based  on  the  entire  life  of  the  mine,  which  was  approximately  14  years, 
the  recovery  is-  shown  to  be  81  per  cent.  A  similar  operation  in  the 
same  part  of  the  field,  but  having  770  acres  of  merchantable  coal,  shows 
a  recovery  of  85  per  cent.  Both  mines  were  opened  at  the  same  time 
but  the  second  mine  was  operated  7  years  longer  than  the  first.  The 
maximum  cover  overlying  the  smaller  coal  area  was  approximately  125 
ft.  (38  m.),  the  character  of  the  roof,  the  drainage  and  other  conditions 
being  almost  ideal  for  efficient  mining.  The  strata  overlying  the  larger 
area  attained  a  maximum  thickness  of  approximately  175  ft.  The  roof 
conditions  were  not  nearly  so  good  as  in  the  other  mine,  the  drainage, 
etc.,  also  were  less  favorable.  That  an  increased  percentage  of  recovery 
was  obtained  under  these  circumstances  is  attributed  to  more  efficient 
methods  of  mining  in  the  later  years  of  its  operation,  when  the  other  mine 
had  been  exhausted  and  abandoned. 

Based  on  a  period  covering  the  last  12  years,  three  of  the  largest  mines 
in  the  northern  part  of  the  field  show  recoveries  of  85,  87,  and  89  per  cent., 
respectively.  As  would  be  expected,  the  highest  recovery  was  obtained 
in  the  mine  where  the  most  favorable  conditions  exist.  During  the  time 
mentioned,  the  mine  workings  have  been  under  cover  which  gradually 
increased  from  approximately  400  to  700  and  even  900  ft.  It  is  thought 
that  the  recoveries  mentioned,  which  were  obtained  under  conditions 
much  less  favorable  than  those  encountered  in  the  southern  part  of  the 
field,  speak  well  for  the  system  of  mining  emploj'^ed  and  the  supervision 
given  to  the  work. 

Because  of  careful  adherence  to  the  system  of  mining  outlined,  the 
mine  that  had  a  recovery  of  87  per  cent,  during  the  12-year  period  has 
improved  its  recovery  in  the  last  year  or  two.  During  18  months,  approxi- 
mately 100  acres  (41  ha.)  of  coal  were  mined,  57  per  cent,  being  from 
advance  workings  and  43  per  cent,  from  pillars.  The  total  recovery 
during  that  time  is  shown  to  be  from  92  to  93  per  cent.  Assuming  that  a 
loss  of  2  or  3  per  cent,  occurs  in  the  coal  mined  on  the  advance,  a  recovery 
of  approximately  85  per  cent,  is  indicated  in  the  pillar  work. 

While  several  of  the  coal  fields  in  the  United  States  exceed  the 
recoveries  here  given,  the  results  of  the  Windber  operations  will  compare 
quite  favorably  with  those  of  other  mines  working  the  same  seam  of  coal 
and  encountering  similar  conditions.     The  factors  that  enter  into  the 
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problem  are  so  many  and  so  varied  that  it  is  diflScult  to  establish  an^^  fixed 
standard  of  comparison  or  goal  of  achievement. 

G.  L.  Cox,*  Huntington,  W.  Va.  (written  discussion). — The  methods 
used  and  the  recoveries  obtained  by  the  Solvay  ColHeries  Co.  are  as  follows: 

At  the  Ivingston  colUery,  located  on  Paint  Creek,  in  Fayette  County, 
W.  Va.,  the  Eagle  seam  has  an  average  thickness  of  60  in.,  but  a  soft  slate 
parting  from  1  to  12  in.  thick  occurs  21  in.  from  the  top.  The  maximum 
cover  is  1000  ft.  The  top  is  soft  scaly  draw  slate;  posts  and  caps  are 
required.  The  bottom  is  hard  slate.  A  recovery  of  95.6  per  cent,  is 
obtained  on  first  mining,  which  is  done  by  the  room-and-pillar  method. 
The  rooms  are  driven  16  ft.  wide  and  300  ft.  long  on  95-ft.  centers,  this 
wide  spacing  being  necessary  to  protect  a  seam  120  ft.  above.  A  150-ft. 
barrier  pillar  protects  the  main  entry. 

At  the  Springton  coUiery,  located  on  Wide  Mouth  Creek,  in  Mercer 
County,  W.  Va.,  the  No.  3  Pocahontas  seam  has  an  average  thickness  of 
4  ft.  3  in.  of  clean  coal.  One-third  of  the  mine  has  a  sandstone  roof; 
where  the  roof  is  slate,  from  4  to  16  in.  must  be  taken  down.  The  bottom 
is  hard  slate,  which  does  not  heave  and  makes  a  good  shovehng  surface. 
Mining  is  done  by  the  three-entrj-  panel,  room-and-pillar  system,  twenty 
rooms  to  an  entry.  The  rooms  are  20  ft.  wide  and  300  ft.  long,  spaced 
on  60-ft.  centers.  For  1920,  with  65  per  cent,  retreating  and  35  per  cent, 
advance  mining,  the  recoveiy  was  89.7  per  cent. 

At  the  Westerly  colliery,  located  on  Paint  Creek,  the  Eagle  seam  has 
an  average  thickness  of  6  ft.  8  in.  At  the  top  of  the  seam,  there  are  21 
in.  of  clean  coal,  which  is  very  much  softer  than  the  remaining  portion 
of  the  seam.  The  roof  is  soft  scaly  slate,  which  requires  posts  and  caps 
for  its  support;  the  bottom  is  hard  slate,  from  which  the  coal  easily  parts. 
The  maximum  cover  is  1000  ft.  A  recovery  of  96.6  per  cent,  is  obtained 
on  first  mining;  pillar  mining  has  not  begun.  Mining  is  done  by  the 
room-and-pillar  system,  16-ft.  rooms  being  driven  300  ft.  with  80-ft. 
centers.  Entries,  14  ft.  wide,  are  driven  on  50-ft.  centers  and  150-ft. 
barrier  pillars  protect  the  main  entry. 

At  the  Marytown  colliery,  located  on  Tug  River,  in  jMcDowell 
Countj^  W.  Va.,  the  Sewall,  or  Davy,  seam  has  an  average  thickness  of 
3  ft.  5  in.  of  clean  coal.  The  roof  and  bottom  are  hard  slate  and  little 
timbering  is  required;  the  maximum  cover  is  800  ft.  ]\Iining  is  done  by 
the  three-entry  panel,  pillar-and-room  system,  with  twenty  rooms  to  the 
entry.  Rooms  are  turned  off  both  sides  of  the  entry  on  150-ft.  centers 
and  24  ft.  wide  and  150  ft.  long.  With  65  per  cent,  advance  work  and 
35  per  cent,  pillar  mining,  the  recovery  for  1920  was  92.4  per  cent. 

The  Tolland  colliery  is  on  Pond  Creek,  Pike  County,  Ky.,  4  mi.  from 
Williamson.     The  Freeburn,  or  Pond  Creek,  seam  has  an  average  thick- 
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ness  of  4  ft.  8  in.  of  clean  coal,  except  for  7  in.  of  laminated  coal  parting 
6  in.  from  the  top.  The  cover  varies  from  0  to  800  ft.  but  averages  500 
ft.  The  roof  consists  of  from  4  to  9  in.  of  draw  slate,  then  hard  slate,  and 
requires  timbering;  the  bottom  is  hard  slate.  Mining  is  done  on  the 
three-entry  panel,  room-and-pillar  system,  the  rooms  being  driven  20 
ft.  wide  and  300  ft.  long  on  60-ft.  centers,  twenty-four  rooms  to  each  panel 
entry.  Entries  are  driven  14  ft.  long  on  60  ft.  centers.  The  mine  was 
opened  in  1917  and  94  per  cent,  has  been  recovered  on  the  advance  work; 
pillar  mining  has  not  begun. 

Erskine  Ramsay,*  Birmingham,  Ala.  (written  discussion) .^ — Seven 
companies  furnished  the  following  information  concerning  mining  meth- 
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Fig.  13. — Room-and-Pillak  System  of  Mining. 
Where  pitch  of  seam  does  not  exceed  2  per  cent.,  rooms  are  also  turned  on  air 
course.     Slate,  sandy  slate,  and  sandstone  cover  200  to  450  ft.     Recovery,  65.4  per 
cent.,  exclusive  of  barrier  pillars  which  can  be  partly  recovered  at  end  of  life  of 
section. 

ods  and  recoveries  in  the  Alabama  mineral  district.  These  reports  may 
be  considered  representative  of  the  results  obtained  in  this  district. 

Company  A  has  hard  coal  with  well-defined  face  and  butts.  The 
average  pitch  is  1  to  2  per  cent,  southwest  and  the  seam  is  broken  by  dis- 
placement faults  varying  from  7  to  50  ft.  throw.  Intervals  of  fault  are 
irregular.  Seam  is  of  workable  thickness  in  a  basin  averaging  \\i  mi. 
wide  and  averages  3  ft.  4  in.  thick  including  a  parting  of  7  in.  of  slate. 
The  cover  varies  from  35  to  450  ft.     A  section  of  seam  is  shown  in  Fig.  13. 

Mining  is  done  by  the  room-and-pillar  system,  the  coal  being  undercut 
with  electric  chain  machines.  Electricity  is  also  used  for  haulage  and 
pumping.     Main  headings  are  brushed;  9  ft.  wide  and  5  ft.  2  in.  above 
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rail.  The  main  air  course  is  not  brushed;  it  is  20  ft.  wide.  The  main 
pillars  between  heading  and  air  course  are  20  ft.  wide.  The  main  barrier 
pillars  protecting  heading  are  50  ft.  wide.  Cross  headings  are  brushed 
and  gobbed;  they  are  25  ft.  wide  and  4  ft.  6  in.  above  rail.  Cross-heading 
air  courses  are  not  brushed;  they  are  20  ft.  wide.  Cross-heading  pillars 
are  15  ft.  wide.  A  60-ft.  barrier  pillar  is  left  between  the  eighth  and  ninth 
rooms  where  cover  exceeds  150  ft.  On  first  mining,  65.4  per  cent,  is 
recovered;  70  to  75  per  cent,  will  be  the  ultimate  recovery. 

Company  B  reports  that  the  coal  has  well-defined  face  and  butts. 
The  average  pitch  is  about  3  per  cent,  to  the  southeast.  The  seam  is 
not  broken  with  faults  and  the  workable  thickness  in  the  basin  is  con- 
tinuous for  several  miles  from  the  outcrop.  It  has  an  average  thickness 
of  10  ft.,  including  two  partings.  Cover  varies  from  150  to  650  ft. 
Mining  is  done  by  the  room-and-pillar  system.  Coal  is  undercut  with 
electrical  chain  machines;  haulage  on  the  main  slope  is  by  electric  motor 
but  on  the  cross  entries  by  mules.  Electricity  is  used  for  pumping,  and 
rooms  are  driven  one  way  up  the  pitch.  Main  headings  and  air  courses 
are  driven  about  20  ft.  wide,  the  motor  roadway  taking  up  8  ft.  of  the 
width  and  the  gob  the  balance.  The  main  pillar  between  the  heading 
and  the  air  course  averages  36  ft.  in  width.  Main  barrier  pillars  protect- 
ing the  heading  are  175  ft.  and  room  pillars  average  36  ft.  The  main 
slope  is  driven  about  18  ft.  wide  and  all  of  the  gob  is  removed;  it  is  double 
tracked.  Chain  pillars  between  the  road  and  the  left  air  course  are  50 
ft.  wide.  No  pillars  have  been  drawn  and  about  50  per  cent,  of  the  coal 
is  taken. 

Company  C  uses  the  room-and-pillar  method  when  mining  the  Blue 
Creek  seam.  Rooms  are  turned  quartering  the  pitch  and  are  driven  27  ft. 
wide  with  15-ft.  pillars.  The  initial  recovery  is  about  65  per  cent. 
Cover  begins  with  75  ft.  and  progresses  with  the  depth  of  the  mine.  The 
seam  is  8  ft.  thick  and  has  two  partings  4  to  6  in.  each,  there  being  7  ft. 
of  coal  on  an  average.  The  top  has  8  to  2  in.  of  bone  and  the  coal  is 
overlaid  with  3  to  5  ft.  of  slate;  above  that  is  hard  sandstone. 

Company  D  operates  three  mines.  Mine  A  works  the  American  seam 
in  the  basin  with  about  600  ft.  of  cover;  there  is  a  good  slate  top  overlain 
with  heavy  sandstone;  the  bottom  is  fireclay.  Rooms  and  pillars  are 
each  40  ft.  wide  and  every  seventh  room  is  omitted.  Pillars  will  not  be 
mined  until  the  entries  have  reached  their  limit,  so  the  final  total  yield 
cannot  be  given;  first  working  yields  47  per  cent.  Formerly  the  mine 
worked  40-ft.  rooms  and  30-ft.  pillars,  but  several  years  ago  there  was  an 
extended  heaving  of  the  fireclay  bottom,  possibly  superinduced  by  infil- 
tration of  water.  A  chain  pillar  was  left  around  the  squeeze,  and  the 
size  of  the  pillars  increased.  Early  in  the  mine  some  pillars  were  taken, 
producing  squeeze;  since  then  none  has  been  drawn.  The  burden  being 
largely  sandstones  has  not  broken,  to  our  knowledge,  anywhere  in  the 
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mine.  Seam  is  61  in.  thick  with  a  small  parting  near  top  and  a  10-in. 
parting  near  middle.  The  top  coal  is  hand  mined  and  the  bottom 
bench  is  shot  up. 

In  mine  B,  the  coal  is  the  top  bench  of  the  Mary  Lee  seam,  which  is 
52  in.  thick  with  a  small  parting  near  the  top  and  a  6-in.  parting  in 
the  middle.  Coal  is  undercut  with  shortwall  machines  and  shot  down. 
Rooms  are  generally  40  ft.  wide  with  10  to  20-ft.  pillars,  which  are  drawn 
when  the  room  is  driven  up  to  the  pillar.  As  entries  have  not  reached 
their  Hmit,  the  ultimate  yield  cannot  be  stated  as  entry  stumps  and  pillars 
have  not  been  pulled.  First  working  yields  probably  85  per  cent,  in  the 
rooms.  The  cover  is  from  100  to  200  ft.  of  good  slate  top  and  the  slate 
bottom  forms  the  parting  between  the  upper  and  lower  benches. 

Mine  C  is  a  drift  in  the  top  of  a  long  narrow  ridge,  probably  Black 
Creek  coal.  The  maximum  cover  is  probably  100  ft.  The  top  is  a  rotten 
draw  slate,  which  is  taken  down  in  all  roadways.  The  bottom  has  a  5-in. 
rash  with  fireclay  underneath.  The  coal  is  30  in.  thick  and  clean. 
Rooms  are  driven  about  20  ft.  wide  with  8  to  10-ft.  pillars  which  are 
taken  when  the  room  is  driven  up.  The  yield  is  variable  as  the  coal  gets 
thin  and  is  generally  not  worked  under  24  in.,  also  the  draw  slate  some- 
times thickens  beyond  the  economic  point.  The  territory  also  has 
numerous  small  faults.  These  considerations,  together  with  outcrops 
on  two  to  three  sides  of  mines  on  account  of  ravines  cutting  in,  hold  the 
general  yield  down  to  about  40  per  cent.,  which  cannot  be  bettered.  Where 
conditions  are  good  probably  85  per  cent,  is  obtained. 

Company  E  operates  two  mines.  In  one  mine,  where  the  coal  is 
small  and  hard,  electric  machines  undercut  the  coal,  which  is  carried  to 
the  entries  by  conveyors.  The  mine  is  worked  by  the  longwall system. 
Another  mine  is  worked  by  the  room-and-pillar  system,  taking  out  80 
ft.  in  advancing,  by  driving  two  30-ft.  rooms  and  then  drawing  back  the 
20-ft.  pillar  between  them.  An  80-ft.  pillar  is  being  left  which  will  be 
gotten  in  retreating  by  driving  a  40-ft.  room  up  the  middle  and  drawing 
back  a  20-ft.  pillar  on  each  side. 

There  is  a  slate  and  sandstone  cover  of  500  to  600  ft.  at  the  deepest 
part  of  our  present  working.  It  is  impossible  to  figure  the  recovery  for 
the  mines  are  young,  but  in  each  operation  it  should  be  exceptionally 
good,  and  at  least  90  per  cent,  is  expected. 

All  development  work  of  company  F  is  done  on  the  room-and-pillar 
system,  30-ft.  rooms  being  worked  on  60-ft.  centers  until  rooms  are 
driven  up  200  ft.  deep.  The  pillar  is  then  pulled  back  to  the  first  cross- 
cut, which  is  about  60  ft.  from  the  entry,  when  roof  conditions  will  permit, 
and  when  an  entiy  is  finished,  entry  pillars  and  room  stumps  are  pulled. 
The  recovery  is  about  70  per  cent.  Thickness  of  seam  averages  about 
33  in.  and  the  depth  of  overlying  cover  will  run  from  700  to  1000  ft.; 
the  pitch  of  seam  varies  from  3  to  25  per  cent.     Rooms  are  worked  with 
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two  tracks,  one  up  each  rib,  and  pulle^'^s  and  ropes  are  used  in  rooms 
where  the  grades  are  sufficient  for  the  loaded  car  to  pull  the  empty  up 
to  face  of  the  room  as  it  is  being  lowered  to  the  entry.  Overlying  the 
coal  seam  is  about  4  in.  of  draw  slate,  then  either  a  sandy  shale  or  sandstone 
several  feet  thick.  The  bottom  is  soft  shale  or  fireclay  about  4  in.  thick. 
All  coal  is  shot  from  the  solid,  permissible  powder  being  used. 

All  operations  of  company  G  are  in  the  Cahaba  Field  on  pitching 
seams.  Where  the  pitch  is  not  too  great,  entries  are  turned  on  250  to 
300-ft.  centers  on  either  side  of  the  slope;  an  air  course  is  driven  on 
the  lower  side  of  the  entries  with  12  to  16-ft.  pillars  between  the  entries 
and  the  air  course.  Rooms  are  turned  on  the  upper  side  of  the  entries 
and  a  track  is  laid  to  the  face  of  the  coal;  mules  are  used  for  pulling  the 
cars  to  the  face.  The  rooms  are  from  35  to  40  ft.  wide,  with  16  to  20-ft. 
pillars.  Rooms  are  worked  in  blocks  of  eight  or  ten  with  a  100-ft.  pillar 
between  the  sets.  All  room  pillars  are  then  drawn  as  soon  as  a  set  of 
rooms  is  completed.  The  large  pillar  is  left  until  the  entry  is  practically 
worked  out,  then  rooms  are  turned  in  the  100-ft.  block.  By  this  means 
the  mine  is  not  subjected  to  any  creeps  or  squeezes. 

The  deepest  operation,  the  slopes,  are  in  13^^  mi.  with  a  maximum 
cover  of  800  ft.  The  slopes  on  the  heavy  pitches,  the  entries,  and  the 
air  courses  are  driven  similar  to  the  slopes  described.  The  rooms  are 
turned  about  the  same  wjdth  and  same  pillars  and  worked  in  a  similar 
manner  except  that  chutes  are  used  in  place  of  track.  All  of  the  mines 
generate  gas  and  are  ventilated  on  the  split  system,  the  air  current  being 
carried  to  the  working  face  of  each  room  by  means  of  curtains  and  brat- 
tices; the  entry  is  the  intake  and  the  air  course  the  return.  The  coal  from 
all  of  the  operations  is  dirty  and  requires  preparation  by  being  sized; 
the  larger  sizes  are  hand  picked  on  traveling  belts  and  the  smaller  sizes 
are  washed. 

Frank  Haas,*  Fairmont,  W.  Va.  (written  discussion). — In  coal 
mining,  as  in  other  industrial  lines,  a  combination  of  labor  and  capital 
properly  appHed  is  required  for  success.  Probably,  however,  no  business 
comparable  in  magnitude  with  coal  mining  requires  so  large  a  percentage 
of  labor,  as  indicated  by  the  total  cost,  and  fluctuations  in  quantity  and 
price  of  labor  affect  the  industry  more  than  they  do  any  other  business. 
Should  an  equation  be  constructed  by  which  the  economic  equihbrium  of 
coal  mining  could  be  estimated,  it  will  be  found  to  contain  two  basic 
variables — the  value  of  money  and  the  price  of  labor.  There  is  no  con- 
stant that  will  establish  the  relation  between  these  variables  for  any 
considerable  period  of  time  and  no  tendency  to  create  such  a  constant 
relation  except  the  elusive  law  of  supply  and  demand.  Keeping  in  mind 
the  fact  that  the  price  of  labor  is  the  predominating  factor,  it js  interesting 

*  Consulting  Engineer,  The  Consoliidation  Coal  Co. 


DISCUSSION  321 

to  note  that  the  records  of  one  portion  of  West  Virginia  show  that  from 
1913  to  the  present  time  general  inside  labor  of  coal  mining  has  increased 
294  per  cent.,  while  the  value  of  money  has  increased  from  25  per  cent,  to 
33  per  cent.  Should  conditions  indicated  by  these  increases  prevail  for 
a  long  period,  and  the  fact  be  definitely  known,  we  would  at  once  scrap 
our  present  methods  of  mining  and  plans  of  operation. 

Within  the  last  few  years  there  have  appeared  several  machines 
designed  for  loading  coal  mechanically,  some  even  cutting,  mining,  and 
loading.  At  first,  these  machines  showed  various  defects  in  design  and 
operation,  which  were  removed  and  the  machines  were  improved  until 
they  could  be  considered  practical  mechanically.  The  machines  demon- 
strated that  they  could  load  coal  with  astonishing  rapidity,  but  they  can 
only  operate  successfully  by  a  system  that  involves  nearly  every  opera- 
tive feature  within  the  mine;  and  at  most  they  can  handle  only  60  per  cent, 
of  the  total  coal.  It  was  suggested  that,  to  give  the  machine  a  fair  trial, 
a  system  be  evolved  which  would  give  it  every  possible  advantage. 
But  when  we  consider  that  it  requires  about  10  years  to  try  out  a  method 
of  mining  in  all  of  its  phases,  it  requires  more  than  a  moment's  thought 
before  starting  a  new  method.  While  the  machine  would  replace  a 
large  amount  of  high-priced  labor,  such  savings  would  be  largely  absorbed 
by  interest  and  depreciation.  What  may  have  been  a  narrow  gain  in 
favor  of  the  loading  machine  during  normal  times,  under  present  relative 
values  of  labor  and  money  would  be  a  large  gain  in  favor  of  the  loading 
machine. 

Several  years  ago,  in  times  of  chronic  ear  shortage,  a  railroad  incorpo- 
rated in  its  method  of  mine  ratings  the  number  of  working  places  a 
mine  had.  Irrespective  of  what  other  conditions  existed,  it  was  necessary 
to  get  cars  to  transport  the  coal,  so  miles  and  miles  of  headings  were 
driven  and  rooms  turned,  tracks  laid  and  all  expenditures  made  to  qualify 
for  a  high  rating  of  working  places.  After  10  years  the  ruinous  effects 
of  this  plan  were  still  noticeable.  The  small  pillars  laid  out  could  not 
be  fully  recovered,  which  represented  an  actual  loss. 

To  say  that  a  certain  district  will  mine  85  per  cent,  of  the  calculated 
tonnage  might  be  construed  to  infer  that  15  per  cent,  was  lost;  I  should 
be  rather  proud  of  an  85  per  cent,  recovery.  Because  we  recover  85  per 
cent,  of  the  coal  does  not  mean  that  we  have  lost  15  per  cent,  and  before 
we  can  understand  each  other  it  is  necessary  to  know  what  is  meant  by 
lost  coal. 

Conservation  of  coal  is  not  the  principal  thing  for  which  we  are  work- 
ing; we  are  working  for  dividends  for  the  company.  Shall  we  spend  50 
cents  for  timber  to  recover  5  cents  worth  of  coal?  If  part  of  a  seam 
carries  inferior  coal  and  cannot  be  sold  should  this  be  considered  as  lost 
coal?  If  laws  prevent  mining  coal  within  certain  boundaries  should 
this  be  charged  as  loss  in  mining?     In  certain  localities  gas  and  oil  wells 
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penetrate  the  workable  coal  seams;  it  is  considered  necessary  to  leave  a 
certain  area  of  coal  around  such  gas  and  oil  wells  for  safety  to  both  hfe 
and  property.  If  we  are  going  to  talk  about  conservation  and  recovery 
of  coal,  all  such  features  over  which  the  mining  man  has  no  control 
should  be  eliminated.  Unless  this  is  done,  comparisons  between  various 
fields  would  be  misleading  and  broad  generalities  would  be  worthless. 
However,  to  get  back  to  the  original  question,  I  believe  that  85  per  cent, 
recovery,  after  eliminating  all  features  beyond  the  control  of  the  mining 
man,  would  represent  the  best  practice  in  bituminous  mining  today.  I 
might  add  that  this  is  in  excess  of  what  our  company  is  doing,  which 
represents  about  ten  million  tons  annual  output. 

George  S.  Rice,*  Washington,  D.  C. — I  quite  agree  with  Mr.  Haas 
that  conservation  does  not  necessarily  mean  getting  out  99  per  cent.  I 
question  the  100  per  cent,  recovery.  Let  us  suppose  that  85  per  cent,  is 
the  best  that  is  practicable  in  many  fields,  still  there  is  a  great  difference 
between  that  and  the  recoveries  in  some  sections. 

The  effect  of  first  mining  upon  the  impurity  of  the  coal  as  loaded  was 
strikingly  brought  to  my  attention  some  years  ago  when  the  U.  S.  Bureau 
of  Mines  had  occasion  to  examine  and  sample  all  of  the  mines  then 
producing  naval  fuel  in  West  Virginia.  Analyses  did  not  show  as  good 
coal  in  one  mine  in  the  Pocahontas  field  as  in  the  other  mines  in  the 
neighborhood;  this  we  found  was  because  of  the  large  amount  of  pillar 
coal  that  had  been  standing  for  many  years,  so  that  the  gradual  weighting 
had  so  developed  the  columnar  structure  passing  through  the  impurities 
as  well  as  the  coal,  that  in  mining  it  all  dropped  down  together  and  there 
was  no  practical  method  of  separating  the  impurity. 

Another  point  is  the  importance,  for  high  recovery  and  other  reasons, 
of  not  turning  rooms  in  any  panel  until  the  pair  of  entries  has  been  driven 
to  the  boundary  of  the  panel,  and  then  working  back.  Particularly 
commendable,  it  seems  to  me,  is  the  Frick  system  where  only  narrow  work 
is  driven  to  the  property  boundary,  then  retreat  is  begun  and  the  line  is 
brought  back  by  what  is  practically  a  retreating  longwall  system. 

Professor  Stock  says  that  sometimes  the  rooms  are  unnecessarily 
wide.  I  question  that  simply  as  an  abstract  proposition.  It  may  be 
necessary  to  have  the  rooms  wide  in  order  to  use  machines  or  to  conform, 
in  the  Middle  West  to  certain  agreements  with  the  miners.  It  seems  to 
me  that  the  maximum  recovery  may  be  obtained,  generally  speaking, 
with  narrower  rooms.  The  greatest  fault  that  I  have  observed  in  the 
Middle  West  has  been  that  insufficient  pillars  have  been  left  adjacent  to 
the  more  permanent  entries.  There  are  conditions  there  where  strain 
is  caused  in  the  roof  and  although  what  we  term  "squeeze"  may  not 
develop,  these  roof  strains  lead  to  falls  of  roof. 

*  Chief  Mining  Engineer,  U.  S.  Bureau  of  Mines. 
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In  the  experimental  mine,  near  Pittsburgh,  few  rooms  have  been 
opened,  and  in  about  12  or  13  years  we  have  had  practically  no  falls  of 
roof  in  the  main  entry.  Yet  in  the  old  entries  of  other  mines  in  that  gas- 
coal  district  the  immediate  roof  has  usually  given  way.  That  is  largely 
because  the  room  working  has  been  carried  so  close  to  the  main  entry  that 
the  bending  and  shearing  strains  I  speak  of  have  resulted. 

Rush  N.  Hosler,*  Harrisburg,  Pa. — Professor  Stock  says  that  in 
the  opinion  of  many  operating  officials  and  inspectors  connected  with 
liability-insurance  companies,  the  accidents  are  no  greater  in  pillar  work 
than  in  advanced  work.  By  statute,  all  compensation-insurance  rates  on 
coal  mines  in  Pennsylvania  are  made  by  a  rating  bureau  approved  by 
the  Insurance  Commissioner.  This  bureau  maintains  competent  coal, 
mine  inspectors  to  examine  and  report  the  condition  of  the  mines,  as 
reflected  by  the  standard  upon  which  the  mine  is  rated. 

In  the  year  1920,  in  about  1500  inspections  of  bituminous  mines  in 
Peimsylvania,  made  by  the  rating  bureau,  we  found  that  20  per  cent, 
of  the  men  engaged  on  mining  coal  were  employed  in  pillar  mining. 
(Pillar  mining  includes  heading  and  entry  stumps,  as  well  as  room  stumps 
and  pillars.  Pillar  work  includes  drawing  stumps,  loose-end  pillar 
mining,  slabbing,  cutting  crosscuts  or  break-throughs  in  pillars,  pillar 
splitting  and  every  other  species  or  description  of  coal  recovery  from 
pillars.)  Men  on  coal  includes  miners,  loaders,  machine  runners, 
and  scrapers. 

For  the  five  year  period,  from  Jan.  1, 1916,  to  Dec.  31,  1920,  there  were 
in  the  Pennsylvania  bituminous  mines  1243  fatalities  resulting  from  falls 
of  roof  and  coal.  Of  these,  163  were  in  the  entries  some  distance  back 
from  the  face  and  should  not  be  counted  as  occurring  in  either  advanced 
working  places  or  pillar  work;  424  were  in  pillar  work,  as  defined  above; 
644  were  in  advanced  working  places.  (An  advanced  working  place  is 
defined  as  follows:  (a)  Rooms,  from  the  entry  rib  to  the  face  of  room; 
(6)  headings,  from  the  outside  of  the  last  crosscut  turned  to  the  face  of 
entry;  (c)  crosscuts  or  break-throughs  which  are  being  driven  in  entries; 
(d)  all  crosscuts  or  break-throughs  in  or  between  rooms.) 

It  will,  therefore,  be  seen  that  20  per  cent,  of  the  men  engaged  on 
coal  in  the  year  1920  in  about  1500  bituminous  mines  in  Pennsylvania 
were  employed  in  pillar  work,  where  between  34  and  35  per  cent,  of  the 
fatahties  for  five  years  occurred. 

H.  N.  Eavenson,  Pittsburgh,  Pa. — The  fourth  conclusion  is  that  to 
obtain  a  high  recovery  the  coal  should  be  gotten  from  the  pillars  and  not 
from  the  rooms,  so  that  the  gradual  widening  of  the  pillars  is  the  best 

*  Coal  Mines  Section  of  the  Pennsylvania  Compensation  Rating  and  Inspection 
Bureaus. 
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method  of  recovering  of  coal.  As  a  general  proposition,  that  statement  is 
correct,  but  in  the  Connellsville  region  within  the  last  year  there  has  been 
developed  a  system  of  mining  for  workings  under  about  250  ft.  of  cover. 
Rooms  11  to  12  ft.  wide  are  driven  on  32-ft.  centers;  but  as  soon  as  they 
are  driven  250  ft.  long  a  6-ft.  slab  is  taken  off  one  side  of  the  rib  on  the 
return  and  two  slabs,  6  ft.  each,  on  the  other  side.  The  rooms  are  driven 
at  an  angle  of  45°  from  each  butt  so  that  the  break  hne  is  kept  practically 
in  a  straight  hne.  It  is  really  a  longwall-retreating  system.  The  face 
is  now  about  600  ft.  long  and  about  900  tons  a  day  are  being  mined  by  that 
section.  From  80  to  125  per  cent,  more  coal,  per  foot  of  face,  is  being 
obtained  than  was  possible  by  the  concentrated  system  with  narrow 
rooms  and  wide  ribs. 

The  reason  this  plan  is  successful,  and  it  is  not  claimed  to  be  adapted 
to  all  cases,  is  that  the  rooms  are  driven  only  250  ft.  long  and  the  coal 
is  taken  out  before  the  roof  has  a  chance  to  settle.  There  are  about 
twelve  places  on  each  heading,  five  or  six  of  which  are  mining  pillars  and 
the  rest  driving  up. 

The  system  has  the  advantage  that  it  is  all  machine  work,  and  in 
pillar  mining  five  cars  can  be  loaded  at  once.  There  is  no  double  shovehng 
and  the  work  nowhere  is  more  than  12  ft.  from  the  rib;  it  is  also  possible 
to  use  as  many  men  as  is  necessary  to  clean  up  a  place  in  a  hurry. 

While  the  greatest  thickness  of  the  cover  was  about  250  ft.,  a  section 
400  to  450  ft.  deep  has  been  laid  out  and  started. 

George  S.  Rice,  Washington,  D.  C. — Do  they  do  any  cribbing  or 
fining  in  the  gob? 

H.  N.  Eavenson. — No;  they  use  their  regular  systematic  timbering 
and  draw  as  much  of  the  timber  as  they  can. 

H.  H.  Stoek. — Is  not  the  labor  non-union  so  that  there  is  no  yardage 
claim?  Do  they  not  use  the  men  in  the  same  concentrated  way  as  in 
the  Mullin  system,  i.e.,  different  gangs  for  drilhng,  loading,  etc.? 

H.  N.  Eavenson. — Yes,  just  as  they  do  in  the  other  system,  the 
concentration  method. 

W.  H.  Grady,  Duncott,  Pa. — Do  they  carry  it  as  a  continuous  panel? 

H.  N.  Eavenson. — They  are  planning  on  getting  a  continuous  section 
of  1200  ft.,  bringing  each  600  ft.  from  each  set  of  butts  down  as  panels. 

About  two  weeks  ago,  I  visited  a  mine  in  the  Pocahontas  field,  where  a 
loading  machine  is  used  in  two  sections  of  a  mine,  where  they  were 
mining  pillars.  In  one  section,  the  rooms  had  been  driven  350  ft.  and 
the  first  rib  pulled  back  the  full  length,  and  they  were  just  crossing  the 
chain  pillar  into  the  rooms  from  the  second  heading  below.  In  the 
other  section,  they  had  been  cleaning  up  some  old  ribs  that  had  been 
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standing  for  years.  The  ribs  were  45  to  50  ft.  thick  and  they  had  been 
spht  as  in  hand  mining.  I  did  not  think  that  any  machine  would  be 
able  to  work  in  this  section  but  they  have  found  less  difficulty  with  the 
loader  than  when  loading  by  hand;  the  timbering  is  less  because  the 
machine  can  load  out  as  much  coal  in  an  hour  as  two  or  three  men  would 
load  in  two  or  three  days  at  the  least;  consequently  the  machine  will  get 
out  the  coal  before  the  roof  has  time  to  settle.  In  the  case  of  hand 
loading,  the  place  would  probably  fall  in  at  least  once  and  would  have  to 
be  cleaned  up  and  retimbered  before  the  coal  could  be  gotten  out. 

H.  H.  Stoek. — What  kind  of  a  machine  was  used? 

H.  N.  Eavenson. — One  that  was  developed  there,  but  I  think  any 
machine  would  do.  This  shows  that  sometimes  the  conditions  govern 
these  things  entirely  and  that  the  rapidity  of  removing  the  coal  is  an 
important  factor.  They  can  get  out  eight  or  ten  times  as  much  coal  with 
the  machine  as  with  the  largest  force  of  men  they  could  put  in  the  place. 

George  S.  Rice,  Washington,  D.  C. — Did  the  timber  show  much  sign 
of  stress  before  the  machines  had  finished  cleaning  up?  Was  there 
sufficient  warning  to  withdraw  the  machines  in  case  of  trouble? 

H.  N.  Eavenson. — This  section  had  been  worked  by  hand  for  some 
years  and  an  area  of,  probably,  1500  or  1800  ft.  by  1200  or  1500  ft.  had 
been  cleaned  out.  They  were  just  cleaning  up  the  last  eight  or  ten 
rooms,  which  formed  a  big  panel  section.  The  places  were  timbered 
with  posts  spaced  from  3  to  6  ft.  with  cross-bars  and  about  one-half  of 
the  places  were  lagged  between  the  cross-bars.  The  roof  would  generally 
hold  until  the  machine  was  through  loading.  Sometimes,  though,  when 
the  men  would  clean  a  place  they  would  set  temporary  timbers  which 
would  be  removed  when  the  machine  went  in,  then  they  just  let  the 
roof  drop  in. 

S.  A.  Taylor,  Pittsburgh,  Pa.^ — I  put  in  the  first  shortwall  machine  in 
the  Pittsburgh  district  and  had  a  lot  of  labor  trouble  as  a  result.  In 
that  mine  we  had  only  a  little  over  100  ft.  cover,  so  I  mapped  out  and 
tried  a  new  scheme  for  the  section.  Our  centers  were  35  ft.  but  I  widened 
the  room  to  27  ft.,  leaving  an  8-ft.  rib.  Those  familiar  with  the  Pitts- 
burgh district  know  that  the  track  is  on  one  side  of  the  room  and  that  the 
gob  is  piled  up  from  3  to  4  ft.,  depending  on  the  thickness  of  the  slate. 

We  drove  those  rooms  up  250  ft.  and  then  turned  around  and  cut  back 
on  the  rib  with  the  machine  which  had  a  7-ft.  cutter  bar.  That  left  a 
little  prism  about  1  ft.  wide' at  the  bottom  running  up  to  practically 
nothing.  We  cut  from  35  to  40  ft.  of  the  rib  on  the  return,  which  coal 
two  men  would  load  out  in  a  day;  the  result  was  that  we  got  our  ribs  out 
in  about  10  days,  with  good  recovery.  We  decided  that  with  so  light  a 
cover  the  8-ft.  rib  would  be  ample,  which  proved  to  be  the  case. 
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In  the  Clarksburg  field,  in  one  case  where  the  cover  was  comparatively 
light,  the  work  was  laid  out  on  the  panel  system  with  ten  to  twelve  rooms 
on  a  panel,  laying  off  an  entry  that  would  keep  the  work  from  that  panel 
separate  from  the  two  main  headings,  and  30-ft.  rooms  were  driven  on 
50-ft.  centers.  When  we  reached  the  limit  of  that  room,  we  turned 
around  and  slabbed  back  10  ft.  on  each  side.  The  advantage  of  this 
method  was  that  it  was  not  necessary  to  wait  until  a  room  got  up  to  the 
line  before  we  could  start  to  retreat.  We  could  start  the  moment  we 
got  a  room  up  and  we  had  10  ft.  of  rib  in  the  other  room  to  hold  up  the 
roof.  Our  recovery  was  remarkable  but  we  sold  the  mine  before  we  had 
time  to  determine  the  exact  amount;  we  had  worked  out  one  panel  of  ten 
or  twelve  rooms,  however.  I  have  frequently  found,  especially  in  the 
Pittsburgh  district,  that  the  recovery  given  for  the  first  work  is  usually 
greatly  in  excess  of  what  is  recovered  later.  In  checking  this  up,  I  have 
found  several  times  that  the  reason  is  that  instead  of  the  rooms  being,  say, 
20  to  25  ft.  wide,  they  are  frequently  27  or  28  ft.  wide;  so  that  the  area 
actually  mined  out  is  more  than  what  is  assumed  in  the  calculation. 

In  many  districts  there  is  considerable  impurity  in  the  coal;  so  if  the 
full  thickness  of  the  vein  is  considered,  the  recovery  will  be  very  low 
unless  allowance  is  made  for  the  amount  of  material  that  must  be  thrown 
out.  That  is  especially  true  in  Freeport,  where  the  bone  comes  in  the 
center  of  the  seam.  During  the  past  few  years,  when  trade  was  good  and 
the  miners  were  more  independent,  they  loaded  out  a  great  deal  of  this 
refuse,  so  that  the  tonnage  recovery  from  a  given  acreage  was  greatly  in 
excess  of  what  it  is  when  business  is  dull  and  competition  keen.  So  the 
tonnage  recovery  w^as  much  greater  then  than  later. 

The  same  thing  applies  in  the  Clarksburg  region,  where  in  many 
places  there  is  a  large  amount  of  pyrites  in  the  bottom.  Figuring  the 
full  thickness  of  the  seam  and  not  eliminating  any  of  the  waste  material, 
the  estimated  recovery  on  the  veins  is  very  much  in  excess  of  the 
actual  recovery. 

Thomas  H.  Clagett. — In  order  that  comparisons  may  be  properly 
made  it  is  necessary  that  the  basis  of  determining  recoveries  be  uniform ; 
and  as  it  is  only  intended  that  the  clean  coal  shall  be  shipped  the  logical 
recovery  is  the  ratio  of  tonnage  shipped  during  any  period  with  the 
theoretical  tonnage  of  clean  coal  in  the  area  mined  during  the  same 
period.  The  value  of  the  figures  obtained  depends,  of  course,  on  the 
accuracy  of  the  information  on  which  they  are  based.  Inaccurate  or 
incomplete  mapping  can  frequently  be  detected  in  determining  recoveries. 
Errors  on  account  of  inaccurate  mapping  of  first  workings  are  balanced 
when  the  pillars  are  mined.  On  that  account  the  recoveries  from 
})eginning  of  operations  to  the  end  of  any  period  arc  of  more  value,  as 
showing  the  true  situation,  than  the  recoveries  by  years.     When  ship- 
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inents  exceed  the  theoretical  tonnage,  it  is  apparent  that  one  or  more  of 
the  factors  used  in  estimating  the  theoretical  tonnage  is  in  error  or  else 
shipments  are  not  confined  to  clean  coal. 

S.  A.  Taylor. — In  the  first,  second,  and  third  pools  of  Pittsburgh 
the  entire  seam  is  usually  figured  from  the  top  of  the  roof  coal  clear  to 
the  bottom,  though  in  the  early  days  all  that  was  taken  out  was  that 
between  the  draw  slate  and  what  is  called  the  brick  coal,  leaving  in  the 
bottom  about  12  to  15  in.  of  coal,  while  none  of  the  roof  coal  was  taken. 
As  a  result,  the  percentage  of  recovery  was  a  very  small  proportion  of 
the  vein. 

Edward  W.  Parker,  Philadelphia,  Pa. — How  much  roof  coal 
was  left? 

S.  A.  Taylor. — It  varied  from  2  to  5  ft.  It  was  full  of  laminations 
and  was  not  marketable,  although  tests  made  by  the  Bureau  of  Mines 
showed  that  it  contained  just  as  many  thermal  units  as  the  other  coal. 
It  could  be  run  through  gas  producers,  of  course  producing  a  lot  of  ash, 
and  a  great  deal  of  gas  secured;  but  when  the  entire  thickness  of  the  seam, 
especially  in  those  three  pools,  is  considered,  the  recovery  is  very  small. 
In  addition,  for  a  while  the  Government  and  some  others  were  buying 
their  coal  on  the  thermal-unit  method  and  their  specifications  were  such 
that  only  a  small  portion,  probably  3  ft.,  of  that  entire  6  ft.  could  be  used. 
So  that  in  a  discussion  of  the  recovery  of  coal  per  acre  all  of  those  things 
should  be  taken  into  consideration. 

George  S.  Rice. — We  should  have  a  more  definite  understanding 
as  to  what  is  included  in  the  calculation  of  recovery!  In  the  operation  of 
longwall  mines  in  northern  Illinois,  some  years  ago,  I  was  never  able  to 
make  the  actual  coal  weights  check  within  about  4  per  cent,  of  the  quan- 
tity of  coal  in  place,  calculated  from  measured  thickness.  We  were 
mining  in  a  bed  3  ft.  2  in.  to  3  ft.  6  in.  thick.  I  was  puzzled  at  first  to 
find  that  we  recovered  only  96  per  cent,  of  the  theoretical  quantity,  but 
found  that  here  and  there  points  of  the  longwall  face  were  buried  in  the 
gob ;  also,  there  were  pyrite  balls  and  lenses  of  other  impurities  that  were 
discarded  with  considerable  adhering  coal.  Therefore,  as  one  would 
expect  longwall  would  give  the  most  complete  extraction,  I  have  always 
been  rather  skeptical  of  the  high  recoveries  claimed,  such  as  90  or  95  per 
cent.,  from  ordinary  room-and-pillar  work,  especially  from  operations 
where  in  pillar  withdrawal  "curtain"  walls  are  left,  adjacent  to  the  gob, 
and  also  where  coal  is  left  up  for  roof  in  advance  workings,  if  this 
had  been  figured  as  part  of  the  bed,  as  the  complete  recovery  of  this  is 
almost  impossible. 

H.  H.  Stoek. — I  had  the  opportunity,  a  few  years  ago,  of  examining 
a  mine  that  had  been  operating  not  over  10  or  12  years  and  in  which  the 
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circle  of  the  face  was  not  very  large.  It  had  been  surveyed  each  year 
and  at  the  end  of  the  year  the  face  was  platted.  By  measuring  the  areas 
with  a  planimeter  it  was  found  that  only  93  per  cent,  of  the  coal  had  been 
gotten  out  and  not  100  per  cent,  as  is  usually  claimed  for  longwall  work. 

George  S.  Rice. — Did  you  have  accurate  measurements  of 
the  thickness? 

H.  H.  Stoek. — I  crawled  all  around  the  face  to  measure  the  thickness 
in  many  places  and  to  obtain  other  data.  We  should  emphasize  the 
need  of  defining  what  is  meant  by  "recovery."  The  only  way  to  calcu- 
late recovery  is  to  take  the  worked-out  area,  put  the  planimeter  on  it, 
get  a  large  number  of  cross-sections  and  calculate  the  amount  of  coal 
that  was  originally  in  the  ground;  then  knowing  the  output  the  per  cent, 
extracted  can  be  calculated.  Any  bone  or  refuse  that  is  thick  enough 
to  be  separated  by  hand  and  thrown  out  should  be  deducted.  In  the 
investigation  mentioned,  that  was  done  but  it  made  a  difference  of  only 
1  to  2  per  cent. 

R.  V.  NoRRis,  Wilkes-Barre,  Pa. — Another  matter  that  should  be 
considered  in  a  discussion  of  recovery  is  the  recovery  from  second  mining; 
the  recovery  from  first  mining  is  usually  nearly  complete,  the  loss  being 
in  second  mining.  There  is  a  great  tendency  among  opreating  men, 
particularly  the  younger  engineers,  to  work  out  the  pillars  as  a  sohd  and 
then  apply  the  original  percentage  of  recovery;  this  results  in  a  preposter- 
ous expectation  of  recovery.  For  instance,  suppose  the  ultimate  recovery 
is  85  per  cent,  and  60  per  cent,  is  recovered  in  the  first  mining,  leaving  40 
per  cent,  for  second  mining.  Of  that  40  per  cent,  only  25  per  cent,  of 
the  original  coal,  or  623-^  per  cent,  of  the  pillar,  can  be  removed  to  get  the 
85  per  cent,  result  expected;  while  his  estimate  using  85  per  cent,  of  the 
40  per  cent,  would  give  94  per  cent,  ultimate  removal. 

That  error  is  continually  made  in  estimates  and  reports  and  attention 
should  be  called  to  it,  because  it  is  a  serious  misconception  of  mathematics 
caused  by  the  fact  that  most  people  fail  to  reahze  that  the  loss  is  in  second 
mining.  If  conditions  are  such  that  you  can  get  an  ultimate  removal  of 
90  per  cent.,  you  cannot  get  an  ultimate  removal  of  96  per  cent,  by  remov- 
ing it  in  two  sHces  of  50  and  46  per  cent.,  but  that  is  precisely  what  is 
often  estimated. 

W.  H.  Grady,  Duncott,  Pa. — In  the  case  of  those  Illinois  mines  that 
recovered  94  per  cent,  by  the  longwall  method,  is  the  percentage  of 
recovery  figured  on  shipments  or  production? 

H.  H.  Stoek. — The  recovery  is  figured  not  on  the  amount  of  coal 
sold  but  on  the  amount  for  which  the  miner  was  paid;  that  means  the 
total  amount  of  coal  coming  up  the  shaft.     An  estimate  was  made  of 
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the  amount  of  coal  in  place  and  that  amount  then  divided  into  the 
amount  that  had  been  hoisted  up  the  shaft. 

H.  N.  Eavenson. — That  is  the  coal  produced,  not  the  amount  shipped. 

R.  V.  NoRRis. — Your  removal  is  what  you  can  take  out,  your  recovery 
is  what  you  ship. 

H.  N.  Eavenson. — We  all  agree  that  the  figures  on  recovery  should 
not  include  coal  that  cannot  be  used;  that  is,  slate  and  such  material 
that  cannot  be  used  at  all.  Any  coal  left  in  the  mine  to  protect  the  top 
should  be  charged  to  mining.  In  the  case  of  a  Pocahontas  mine  having 
the  usual  streak  of  bone,  which  is  about  2  in.  thick,  this  thickness  is  not 
included  in  Mr.  Clagett's  figures  because  it  cannot  be  shipped. 

The  worst  feature  of  that  streak  of  bone  is  that  the  coal  is  frozen  to 
each  side  of  the  bone  so  that  when  you  pick  out  the  bone,  you  pick  out 
about  4  in.  of  coal  and  2  in,  of  bone.  Much  of  that  is  picked  out  inside, 
some  is  picked  out  in  the  tipple,  and  some  is  shipped.  I  do  not  think 
nearly  as  much  is  shipped  as  is  taken  out.  In  some  mines  working 
the  No.  4  and  the  No.  3  seam,  exactly  on  the  same  system,  we  would 
always  exceed  the  estimated  recovery  in  the  No.  4  and  would  be  under  it 
in  the  No.  3.  In  the  No.  4,  the  top  contained  some  good  coal  but  we  could 
not  ship  it  because  it  ran  25  to  30  per  cent.  bone.  We  insisted  that  all  of 
it  be  thrown  away,  but  the  miners,  when  nobody  was  watching,  would 
pick  it  out  and  load  it.  This  made  the  percentage  of  recovery  higher 
than  in  the  No.  3,  where  there  was  no  refuse  except  this  one  streak  of  dirt. 
Coal  left  around  gas  wells,  under  roads,  etc.,  should  not  be  charged 
against  the  operators;  it  should  be  deducted  from  the  total  area. 

As  to  accidents,  in  the  past  1 1  years,  our  experience  has  been  entirely 
different  from  the  figures  reported  to  us  this  morning.  We  never  found 
any  greater  liability  in  pillar  work  (certainly  not  under  our  conditions) 
than  in  the  first  mining.  In  fact,  if  anything,  the  conditions  were  reversed 
because  most  of  our  accidents  from  falling  top  were  due  to  kettle  bottoms, 
which  usually  fell  without  any  warning,  often  when  there  was  timber  under 
them.  These  had  practically  all  been  discovered  before  the  pillars  were 
mined,  or  if  they  were  in  the  ribs,  the  coal  was  usually  crushed  enough 
so  that  they  were  down  before  the  coal  was  removed. 

H.  H.  Stoek. — I  understand  that  is  the  experience  of  the  mines  in 
western  Pennsylvania  and  northern  West  Virginia. 

H.  N.  Eavenson. — More  of  their  accidents  occur  in  the  first  mining 
than  in  the  pillar  mining;  I  can  easily  confirm  that  because  they  keep 
careful  records  of  their  accidents. 

George  S.  Rice. — Do  you  not  think  that  the  reason  for  fewer  acci- 
dents in  pillar  mining  is  that  the  men  are  alert,  picked  men,  and  that 
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they  are   constantly   expecting   a   fall,    whereas   that   is   not   true   in 
advance  mining? 

H.  N.  Eavenson. — I  think  that  is  true  and  for  that  reason  do  not 
think  that  there  are  as  many  accidents  as  in  the  first  mining. 

R.  D.  Hall,  New  York. — The  draw  slate  over  the  pillars  in  most 
cases  is  more  or  less  broken  by  the  time  the  pillar  is  ready  to  be  with- 
drawn. It  has  in  any  event  three  loose  ends,  one  at  the  end  of  the  pillar 
and  one  on  each  side.  Consequently  the  miner  is  sure  that  it  is  ready  to 
fall  and  must  be  propped  up  or  wedged  down,  if  it  does  not  come  down 
with  the  coal.  When  a  room  is  first  driven,  however,  the  draw  slate 
often  appears  to  be  soHd  and  for  a  while  may  adhere  to  the  roof;  it  is, 
however,  hable  to  come  down  at  any  time  if  not  watched.  For  these 
reasons  there  are  risks  in  room  driving  that  are  not  so  apparent  in 
pillar  extraction. 

Relative  to  the  stray  measures  above  the  coal  and  those  of  inferior 
quality,  such  as  the  "rooster"  coal  above  the  Pittsburgh  bed,  I  have 
heard  that  frequently  when  they  come  down  with  the  draw  slate  they  are 
loaded  out  by  the  miners,  sometimes  contrary  to  instructions.  As  the 
possible  recovery  is  based  on  the  main  seam  and  not  on  the  riders,  the 
percentage  of  recoveries  is  sometimes  figured  at  103  or  104  per  cent. 

George  S.  Rice. — Has  anybody  analyzed  the  Pennsylvania  accident 
figures  given  here? 

H.  N.  Eavenson. — I  have  not,  they  were  new  to  me. 

H.  H.  Stoek. — I  have  not  had  time  to  analyze  them.  They  were 
sent  to  me,  but  I  have  not  had  time  to  go  into  them.  The  output  per  man 
in  the  pillar  work  would  undoubtedly  be  much  greater  than  in  advance 
mining;  and  while  I  believe  that  accident  statistics  should  be  taken  on  the 
basis  of  the  employees,  they  should  also  be  considered  in  connection 
with  tonnage.  The  two  should  be  studied  together  because  it  is  not  fair 
to  take  either  item  alone. 

H.  N.  Eavenson. — By  whom  were  they  published? 

H.  H.  Stoek.— The  Coal  Mines  Section  of  the  Pennsylvania 
Compensation  Rating  and  Inspection  Bureau. 

George  S.  Rice. — This  matter  has  a  most  important  financial  bear- 
ing, because  the  next  stage  will  tend  to  be  to  penalize  mines  for  drawing 
pillars,  so  that  these  figures  should  be  investigated  to  determine  if  their 
factors  are  correct.  My  experience  has  been  that  pillar  withdrawing 
was  not  so  likely  to  cause  accidents  as  work  at  the  face,  at  least  where 
experienced  miners  carry  on  the  work,  and  usually  only  experienced  men 
are  assigned  to  such  task.     The  condition  of  the  roof,  after  the  first 
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break  from  systematic  pillar  extraction,  plainly  shows  its  own  condition 
of  danger;  and  if  proper  propping  is  done,  due  warning  is  given  by  sounds 
and  by  dribbling  of  loose  pieces;  whereas,  in  solid  working  often  a  "pot" 
or  intersecting  "sHps"  are  concealed  and  fall  with  no  warning. 

Charles  Enzian,  Philadelphia,  Pa. — Perhaps  that  statement  includes 
the  accidents  from  certain  districts  of  anthracite  pillar  mining,  especially 
those  of  the  heavy  pitch  workings  in  the  middle  and  Schuylkill  or  southern 
field,  and  especially  in  the  areas  where  the  seams  are  inverted — that  is, 
where  the  bottom  rock  becomes  the  roof.  Under  such  conditions  we  have 
the  paradox  that  more  injuries  are  caused  by  falls  of  bottom  rock  than 
by  falls  of  top  rock,  because  the  true  top  rock  has  become  the  bottom,  or 
floor  of  the  seam. 

S.  A.  Taylor. — ^I  think  that  there  is  probably  some  mistake  about  the 
figures  given,  A  much  better  class  of  men,  usually,  are  employed  on  the 
pillar  work.  For  a  long  time  in  the  Pittsburgh  district  our  agreement 
with  the  miners  prohibited  the  use  of  machinery,  so  that  we  had  a  much 
better  class  of  men  working  on  pillar  drawing  than  in  the  room  workings. 

H.  N.  Eavenson  (written  discussion). — The  results  of  the  investiga- 
tion of  the  facts  stated  by  Mr.  Hosier  that  the  writer  was  directed  to 
make  have  been  rather  unsatisfactory,  partly  because  the  information 
that  was  necessary,  in  order  to  get  the  exact  data,  was  not  in  the  posses- 
sion of  many  companies  in  available  form,  and  the  time  at  which  this 
information  was  requested,  because  of  the  impending  strike,  made  it 
impossible  for  most  the  companies  to  give  the  request  any  attention. 
Of  the  numerous  requests  sent  out,  only  four  companies  that  replied  had 
actual  data  and  for  three  of  these  the  figures  bore  out  exactly  the  state- 
ments made  by  Mr.  Hosier;  for  the  other,  the  difference  was  too  small  to 
change  his  conclusions.  A  representative  of  one  of  the  largest  companies 
in  the  state,  while  not  having  the  figures  at  hand,  said  that  its  experience 
bore  out  Mr.  Hosier's  statement,  although  this  company  was  not  repre- 
sented in  his  figures.  After  a  long  talk  and  a  thorough  discussion  of  the 
method  by  which  Mr.  Hosier  collected  his  data,  there  is  no  doubt  in  the 
writer's  opinion  that  the  conclusions  he  expressed,  as  regrettable  as  they 
may  be,  are  correct  so  far  at  least  as  Pennsylvania  is  concerned.' 
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Can  Anthracite  Mines  be  Operated  Profitably  on  More 
than  One  Shift? 

By  Dever  C,  Ashmead,*  Kingston,  Pa. 

(New  York  Meeting,  February,  1922) 

From  time  to  time  metal-mine  engineers  have  inquired  why  anthracite 
mines  and  their  preparators  are  rarely  operated  on  the  two  or  three-shift 
basis.  The  subject  may  be  approached  as  affecting:  labor,  development, 
the  underground  workers,  the  preparator,  the  outside  workers,  capital, 
the  supply  account,  power  consumption,  the  storage  of  coal  over  various 
shifts,  railroad  car  supply,  and  the  market. 

Labor 

From  the  start,  the  adoption  of  a  plan  of  three  full-shift  operations 
in  a  day  would  cause  difficulty  with  the  colliery  employees,  for  they  have 
never  worked  on  that  plan  and  would  show  their  resentment  by  sus- 
pending work.  Even  if  they  could  be  induced  to  work  according  to  this 
schedule  they  would  not  be  as  efficient,  for  they  would  be  working  more  or 
less  unwillingly  at  hours  at  which  they  are  accustomed  to  rest. 

Operation  on  a  three-shift  basis  would  necessitate  triple  manning  of 
each  working  place,  and  dissensions  would  arise  between  the  men,  for 
each  shift  would  claim  that  the  preceding  shift  had  taken  undue  advan- 
tage and  had  not  left  as  favorable  conditions  as  it  had  found.  To 
obviate  these  disputes  it  might  be  necessary  to  let  out  the  work 
to  a  contractor,  who  would  hire  his  helpers  to  mine  out  the  chamber,  or 
breast.  The  state  mining  law  requires  that  a  miner  be  put  in  charge 
of  each  working  place.  To  conform  with  this  provision  he  would  have  to 
hire  three  helpers  and  two  miners  to  mine  the  breast.  The  labor  unions 
have  been  trying  to  abolish  the  subcontractor  in  mine  work  and  any 
method  of  working  that  would  cause  his  return,  however  innocent  in 
purpose,  would  result  in  labor  disturbances. 

It  might  be  possible  to  form  partnerships  of  three  miners  working  a 
place  together,  but  these  men  would  be  quite  likely  to  have  frequent 
dissensions  as  to  the  proportion  of  work  performed  by  each  shift.     Only 
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one  other  method  of  working  remains^ — operation  by  company  men,  but 
this  is  ordinarily  too  expensive  to  be  considered. 

In  addition,  the  state  mining  law  requires  that  before  he  can  become 
a  miner  a  man  shall  have  two  years'  experience  and  then  pass  an  ex- 
amination. This  limits  the  number  of  miners  available,  and  if  all  of  the 
anthracite  collieries  were  to  go  on  a  three-shift  basis  there  would  not  be 
enough  men  to  fill  the  working  places. 

Development 

The  development  work  in  those  parts  of  the  mine  in  which  there  is 
first  mining  is  often  on  the  three-shift  basis.  It  is  only  with  difficulty 
that  this  development  work  is  kept  sufficiently  far  in  advance  of  the  coal- 
mining forces  to  keep  them  supplied  with  working  faces. 

Second  Mining 

It  is  difficult  to  maintain  the  output  from  those  mines  or  portions  of 
mines  where  production  is  from  second  mining;  first,  because  it  is  fre- 
quently necessary  to  reopen  closed  places,  to  re-lay  tracks,  clean  falls, 
and  in  places  to  penetrate  squeezed  areas;  second,  because  it  is  necessary 
to  allow  time  at  frequent  intervals  for  the  settlement  of  disturbed 
measures  so  that  the  danger  to  mine  workers  at  the  face  may  be 
minimized;  third,  because  special  conditions,  such  as  overlying  workings 
or  the  necessity  for  partial  or  complete  support  of  the  surface  and  surface 
buildings,  often  limit  the  location  and  extent  of  second-mining  areas. 

Underground  Forces 

If  it  were  possible  to  divide  the  miners  into  three  shifts  and  work  three 
parts  of  the  mine  integrally,  one  in  each  shift,  the  objection  to  contract 
work  would  be  done  away  with,  for  then  every  miner  would  still  have  his 
own  place.  But  it  would  not  be  possible  to  get  the  present  efficiency,  as 
two-thirds  of  the  men  would  be  working  on  off  shifts  and  their  willingness 
to  work  would  be  decreased. 

But  if  it  were  possible  to  divide  the  miners  among  the  three  shifts, 
there  would  not  be  enough  company  men,  for  the  miners  and  their  helpers 
constitute  only  30  to  40  per  cent,  of  the  men  employed.  The  problem 
would  be  to  make  this  force  of  men  handle  the  duties  of  all  three  shifts. 
In  order  to  deal  intelligently  with  this  subject,  a  careful  analysis  of  the 
types  of  underground  workers  at  collieries  should  be  made. 

Development 

It  may  be  just  as  well  to  leave  out  the  men  at  work  at  development  for 
their  number  will  hardly  be  increased,  as  even  at  present  the  advance 
work  is  often  conducted  during  three  shifts  of  each  day.  So,  omitting 
development  men,  who  are  included  among  the  miners  and  their  helpers, 
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the  number  of  underground  workmen  at  four  collieries  is  as  shown  in 
Table  1. 


Table  1 . — Underground  Force  at  Four  Anthracite  Collieries 


Mine  No. 

1 

Mine 

Mine  No.  3 

Mine 

Open- 

No. 2 

No.  4 

Open- 

Open- 

Open- 

Open- 

ing 

ing 

Total 

Total 

ing 

ing 

ing 

Total 

Total 

' 

No.  I 

No.  2 

No.  1 

No.  2 

No.  3 

• 

Cutting  and  loading 

- 

Contract  miners 

106 

133 

239 

147 

54 

89 

60 

203 

321 

Contract  laborers 

5 

3 

8 

27 

15 

12 

8 

35 

194 

Company  miners ..... 

11 

22 

33 

3 

3 

!          9 

Company  laborers 

12 

10 

22 

3 

3 

1       33 

Total 

134 

168 

302 

174 

75 

101 

68 

244 

'     557 

Ventilation 

2 

1 

5 
5 

7 
6 

11 
5 
3 

7 
3 
2 

4 
2 

5 
2 
2 

16 
7 
4 

9 

Masons 

7 

Safety-lamp  men 

1 

1 

2 

Total 

3 

11 

14 

19 

12 

6 

9 

27 

18 

Transportation 

stationary  engineers. . 

4 

4 

2 

10 

3 

Shaft,  slope  and  plane 

t 

attendants 

3 

2 

5 

14 

11 

9 

5 

25 

21 

Locomotive  engineers . 

6 

6 

2 

2 

Drivers 

8 

15 

23 

27 

18 

18 

15 

51 

35 

Runners  and  spraggers 

3 

3 

30 

20 

13 

8 

41 

1       29 

Electric  motormeu 

14 

Motormen's  helpers. . . 

16 

Road  cleaners 

2 

2 

4 

5 

10 

Trackmen 

3 

7 

10 

14 

6 

6 

12 

13 

Stablemen 

1 

1 

2 

1 

1 

4 

5 

Shoers 

1 

1 

1 

2 

Pulleymen 

2 

2 

Total 

23 

30 

53 

94 

63 

50 

35 

148 

143 

2 

2 

4 

5 

2 

1 

8 

I         7 

Miscellaneous 

[ 

Rockmen 

3 

3 

12 

Rock  stowers 

4 

4 

o 

13 

3 

3 

9 
2 

7 
2 

7 

1 

1 

15 

3 

1 

5 

Electricians 

1 

9 

6 

6 

21 

Others     

6 

Total 

0 

3 

3 

20 

19 

11 

10 

40 

45 

General 

Foreman 

1    . 

1 

2 

1 

1 

1 

"2 

4 

8 

Assistant  foremen .... 

6 

10 

16 

10 

6 

3 

5 

14 

10 

Driver  bosses 

2 

Timekeepers 

2 

Total 

7 

11 

18 

11 

7 

4 

7 

18 

j       22 

Total 

169 

223 

392 

322 

181 

174 

130 

485 

792 
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Pu7nping 

With  the  introduction  of  the  triple  shift,  no  increase  would  have  to 
be  made  in  the  number  of  pumpmen.  This,  however,  is  a  small  item  for 
in  Table  1  mine  No.  1  has  only  two  men,  mine  No.  2  only  four  men, 
mine  No.  3  only  eight  men,  and  mine  No.  4  only  seven. 

Supervision 

Ordinarily,  with  three  shifts  a  somewhat  greater  number  of  foremen 
would  have  to  be  engaged.  Where,  of  course,  there  is  but  one  opening 
the  number  of  foremen  must  be  increased  for  there  must  be  one  man  in 
charge  of  each  shift;  but  where  there  is  more  than  one  opening  there  is 
usually  a  foreman  for  each.  Consequently,  if  each  opening  or  some  com- 
bination of  openings  were  put  on  different  shifts  the  number  of  foremen 
would  not  be  increased.     This  is  clear  from  the  table. 

Ventilation 

Men  employed  in  maintaining  the  ventilation  of  the  mines  are  more 
numerous;  thus  in  Table  1,  mine  No.  1  has  fourteen;  mine  No.  2,  nineteen; 
mine  No.  3,  twenty-seven;  and  mine  No.  4,  eighteen.  If  the  mine  were 
placed  on  three  shifts,  the  number  of  men  would  have  to  be  increased 
somewhat,  for  men  would  have  to  work  on  the  ventilation  in  every  shift,  so 
that  promptness  in  making  repairs  would  be  assured.  More  door  boys 
would  be  required,  for  even  if  the  mine  worked  in  sections  there  would  be 
parts  of  the  haulage  systems  included  in  more  than  one  section,  and 
boys  would  have  to  be  supplied  at  the  doors  in  these  roadways  during  two 
or  even  possibly  three  shifts.  It  is  not  unlikely  that  to  obtain  proper 
ventilation  the  number  of  these  employees  would  be  increased  50  per  cent, 
by  the  tripling  of  shifts. 

Transportation 

It  is,  however,  in  the  solution  of  the  transportation  problems  incident 
to  the  triple  shift  that  the  biggest  difficulty  would  be  encountered.  The 
simplest  condition  would  be  where  there  are  several  independent  openings. 
These  might  be  so  grouped  that  it  would  be  possible  to  use  the  same  num- 
ber of  men  with  three  shifts  as  are  now  employed  on  one.  This,  however, 
would  be  an  unusual  condition.  In  most  cases  there  would  be  a  mine  with 
a  long  roadway  along  which  all,  or  a  large  part,  of  the  coal,  no  matter  in 
what  section  it  is  produced,  must  be  hauled.  Some  of  the  workings  in  the 
mine,  consequently,  must  be  allotted  to  one  shift  and  some  to  another. 

It  might  be  necessary  to  put  the  workings  in  one  or  more  beds  on  one 
shift,  and  the  workings  in  other  beds  in  a  second  shift,  and  to  operate 
the  rest  of  the  beds  in  the  third.  Here  the  transportation  force  would  be 
greatly  increased.     In  both  cases  it  might  be  necessary  to  increase  the 
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number  of  transportation  employees  considerably.  ^  Only  the  number  of 
the  men  taking  coal  from  the  batteries  or  the  face  and  hauling  it  to  the 
partings  that  the  sections  served  and  the  door  tenders  in  those  sections 
would  remain  unchanged.  The  three-shift  operation  might  well  involve 
an  increase  of  150  per  cent,  in  the  transportation  force  without  any  com- 
pensation derivable  from  larger  tonnage.  The  trouble  today  is  that 
sections  of  the  transportation  system  cannot  be  worked  to  capacity; 
therefore  any  dilution  of  the  traffic  by  the  introduction  of  the  three- 
shift  system  would  merely  intensify  a  condition  that  even  now  is  suffi- 
ciently crippling. 

Silting 

In  those  mines  where  silting  is  practiced,  the  three-shift  plan  would 
make  it  necessary  to  silt  on  all  three  shifts,  provided  that  the  preparation 
equipment  as  well  as  the  mine  was  run  with  equal  continuity.  This 
would  mean  increasing  the  force  almost  200  per  cent,  and  yet  obtain  only 
the  same  output  and  do  the  same  amount  of  silting.  The  building  of 
batteries  to  retain  the  silt  and  the  laying  of  silting  lines  would  not  involve 
any  more  work  for  three  shifts  than  for  one ;  therefore  the  cost  would  not 
be  increased  proportionately  to  the  number  of  shifts. 

Working  Force 

In  order  to  show  the  effect  of  the  output  on  the  number  of 
men  employed,  nineteen  curves  have  been  compiled  from  data  from 
ninety  collieries  having  an  annual  output  of  44,205,896  tons.  The  data 
from  each  colliery  are  plotted  separately  and  an  average  made  for  each 
50,000  tons  increase;  these  points  are  indicated  by  a  circle.  The  curves 
give  due  weight  to  these  subaverages,  considering  the  number  of  observa- 
tions involved  in  each.  The  high  or  low  points  apparently  neglected  arc 
usually  from  meager,  often  single,  observations  or  from  known  abnormal 
conditions.  The  curves  are  intended  to  represent  general  conditions,  not 
individual  cases. 

In  Fig.  1  the  curve  shows  the  number  of  men  employed  per  10,000 
tons  output  for  total  and  inside  employees;  in  Fig.  2  the  curves  show  the 
number  of  men  employed  per  10,000  tons  output  for  outside  and  prepara- 
tion employees.  Thes(>  curves  show  that  a  decreased  force  of  men  is 
required  per  unit  as  the  output  increases;  also  that  the  greatest  decrease  in 
men  is  in  the  preparation  forces. 

Figs.  3  and  4,  giving  the  output  per  man  employed,  show  how  the 
output  per  man  increases  as  the  collieries  increase  in  size.  Figs.  5  and  6 
show  the  number  of  men  employed  per  start  of  different  capacity  col- 
lieries and  Figs.  7  and  8  show  the  number  of  men  employed  by  collieries 
of  different  yearly  outputs.  Fig.  9  shows  average  curves  of  the  total 
number  of  employees  on  one  shift    constructed   from    the    preceding, 
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compared  with  curves  showing  the  estimated  number  of  men  required 
on  two  and  three  shifts  for  the  same  total  output. 

These  charts  furnish  the  data  necessary  for  a  reasonably  accurate 
analysis  of  the  subj  ect,  dividing  the  output  in  three  and  then  producing 
the  full  output  in  three  shifts.  Taking  first  the  operation  of  a  mine 
having  a  capacity  of  900,000  tons  per  year,  or  approximately  3200  tons 
per  shift,  assuming  280  starts  per  annum,  which  is  the  average  number 
of  starts  of  the  90  collieries  considered,  if  this  mine  is  to  be  operated  at 
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Fig.  1.— Number  of  inside  employees  and  total  number  of  employees,  in  1920, 

per  10,000  tons  output. 


the  same  tonnage  but  with  an  output  of  only  1070  tons  in  each  shift,  the 
curves  in  Fig.  1  show  that  the  one-shift  operation  requires  12.1  inside 
employees  per  10,000  tons  annual  output,  but  that  the  three-shift  opera- 
tion will  require  14.7  inside  employees.  Multiplying  by  90,  it  will  be 
found  that  the  mine  that  would  have  produced  900,000  tons  with  1089 
inside  men  will  require,  when  operated  on  three  shifts,  1323  men  to  attain 
the  same  production.  Thus  the  output,  after  the  division  of  the  work, 
will  require  the  employment  of  234  more  inside  men  than  before,  pro- 
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vided,  of  course,  the  efficiency  of  the  men  is  unaffected  by  the  change, 
which  is  not  likely  to  be  the  case. 

The  curve  in  Fig.  3  shows  the  output  per  inside  man  for  mines  of 
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different  sizes.  A  mine  producing  900,000  tons  per  annum  would  have  an 
output  per  man  of  815  tons  per  year.  In  a  mine  one-third  the  size,  the 
output  would  be  710  tons.     The  difference,  105  tons  per  man,  is  the  loss  in 
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Fig.  3. — Output,  in  tons,  per  inside  and  total  number  of  employees,  in  1920. 


output  sustained  where  the  larger  mine  is  operated  on  a  three-shift  basis. 
Thus,  at  the  larger  mine,  working  one  shift  per  day,  there  would  be  1105 
inside  men;  and  at  the  smaller  mine,  working  three  shifts  a  day,  1268 
inside  men. 
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From  Fig.  5,  it  is  seen  that  the  larger  mine  would  produce  its  tonnage 
at  the  rate  of  3200  tons  per  start  with  1120  inside  men,  whereas  the  smaller 
mine,  running  at  the  rate  of  1070  tons  per  start,  would  have  410  men. 

11 


Fig.  4. 
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start,  in  1920. 

Runnin  the  smaller  mine  three  times  as  many  shifts  to  get  three  times 
the  tonnage  would  require  not  1120  but  1230  inside  men. 
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Fig,  7  shows  the  number  of  men  employed  in  direct  relation  to  the 
number  of  tons  produced,  not  taking  into  consideration  the  number  of 
starts.  Here  the  mine  with  900,000  tons  of  annual  output  would  employ 
1118  inside  men  whereas  the  mine  with  300,000  tons  of  annual  output  per 
shift  would  employ  416  men,  or  1248  inside  men  to  produce  900,000  tons 
per  annum  from  three-shift  operation. 

These  figures  show  a  slight  discrepancy  which  is  caused  by  the 
different  methods  of  compilation.     In  some  cases,  the  time  feature  is 


uy< ' 1 1 1 1 ■ 1 1 
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Fia.  7. — Number  of  inside  employees  and  total  number  of  employees,  in  1920, 

AT  anthracite  COLLIERIES  OF  VARIOUS  OUTPUTS. 

considered  and  in  others  it  is  not,  so  the  probable  result  will  be  an  average 
of  these  figures,  which  is  1108  for  the  one-shift  operation  and  1267  for  the 
three-shift  mine,  an  addition  of  .159  men  to  the  force. 


The  Preparator 

Coal  preparators  are  not  designed  to  work  on  the  three-shift  system. 
The  anthracite  preparator  involves  a  complete  and  complicated  flow  sheet 
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Without  undue  and  unnecessary  duplication  of  machinery,  as  many  of  the 
machines  are  of  large  capacity,  few  single  machines  can  be  stopped  for 
repairs  without  disarranging,  and  usually  stopping,  the  entire  process. 
In  this,  it  differs  from  the  mills  of  metal  practice,  which  contain  a  large 
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number  of  similar  machines,  that  can  be  stopped  and  repaired  without 
materially  reducing  the  output.  Under  the  present  system  of  preparator 
operation,  it  is  possible  to  examine  all  the  equipment  every  night  and 
make  the  necessary  repairs  in  time  for  the  next  morning's  start. 
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Fig.  9. — Average  total  number  op  men  employed  compared  with  number  esti- 
mated FOR  two  and  three  SHIFTS. 

If  the  preparator  is  already  built,  the  proposition  that  it  be  run  on  three 
shifts  instead  of  one,  without  correspondingly  increasing  the  output,  is,  of 
course,  unreasonable.     In  one  mining  operation,  the  output  has  fallen 
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from  over  1,000,000  tons  to  about  350,000  tons  a  year.  When  the  pre- 
parator  was  cleaning  and  sizing  the  larger  output  93  men  were  required; 
for  the  smaller  output  56  men  are  required.  Thus,  though  the  output 
has  decreased  65  per  cent.,  the  number  of  men  needed  has  dropped  only 
40  per  cent. 

It  is  apparent,  therefore,  that  the  number  of  men  employed  in  pre- 
parator  operation  does  not  decrease  in  direct  proportion  to  the  output  of 
the  preparator,  and  it  is  probable  that  the  ordinary  rate  of  decrease  is  much 
smaller  than  in  the  example  quoted,  for  improvements  have  been  made  in 
this  preparator  which  have  decreased  the  number  of  men  required  to  oper- 
ate it  irrespective  of  the  output.  For  this  reason,  were  the  output  of  the 
mine  put  back  to  1,000,000  tons,  the  preparator  would  size  and  clean  it 
for  market  with  less  than  93  men.  Nevertheless,  using  this  case  as  an 
example,  168  men  would  be  required  if  the  preparator  were  run  on  a  three- 
shift  system  and  only  93  if  run  only  one  shift;  or  an  addition  of  75  men. 

Assume  that  the  preparator  is  to  be  built  of  a  size  suitable  for  three- 
shift  operation,  and  that  it  will  be  as  economical  as  a  plant  to  prepare  and 
size  an  output  one-third  as  great  on  the  one-shift  basis.  As  Fig.  2  shows 
that  two  men  are  required  in  the  preparator  for  each  10,000  tons  per  year 
of  preparator  output  where  300,000  tons  are  sized  and  cleaned  per  annum 
60  men  would  be  employed  on  each  8-hr.  shift;  therefore,  if  the  plant  were 
run  three  shifts  in  every  24  hr.,  it  would  be  necessary  to  employ  180  men, 
to  obtain  an  output  of  900,000  tons  per  annum.  But,  Fig.  2  also  shows 
that  this  tonnage  could  be  cleaned  and  sized  by  a  force  averaging  0.88 
man  per  10,000  tons  per  annum  in  a  preparator  having  sufficient  capacity 
to  clean  and  size  the  coal  in  8  hr. ;  that  is,  79  men  would  be  required  for  an 
output  of  900,000  tons  per  annum.  Such  a  preparator,  therefore,  would 
require  79  men.  Thus  a  big  preparator  working  8  hr.  will  do  the  work 
with  101  fewer  men  than  the  smaller  preparator  working  three  shifts. 
From  Fig.  4,  it  is  possible  to  deduce  that  170  men  would  be  needed  for 
three-shift  operation  as  against  90  for  a  plant  that  could  prepare  the  coal 
in  an  8-hr.  day.  The  curves  in  Fig.  6  show  that  whereas  174  men  would 
be  required  for  three-shift  operation  88  men  would  suffice  with  the  larger 
plant.  The  coordinates  of  the  curves  in  Fig.  8  show  that  174  men  would 
be  required  for  the  small  plant  working  24  hr.  and  87  men  for  the  large 
plant  operating  8  hr.  Averaging  all  the  results,  the  conclusion  is  reached 
that  whereas  86  men  would  be  sufficient  to  work  a  single-shift  preparator 
producing  900,000  tons  per  annum,  175  men  would  be  needed  to  effect 
the  same  result  in  one  working  continuously.  Thus  the  larger  preparator 
reduces  the  number  of  men  employed  by  eighty-nine. 

Having  seen  from  the  curves  the  effect  of  three-shift  output  of  the  pre- 
parator, let  these  be  compared  with  the  actual  force  accounts  of  four 
anthracite  preparators  shown  in  Table  2. 

Where  only  one  foreman  is  employed  on  single-shift  operation,  there 
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Table  2. — Outside  Force  at  Four  Anthracite  Collieries 


Mine  No.  1 

Mine  No.  2 

1 

Mine  No.  3 

Mine  No.  4 

1 

Transjjortation 

Stationary-hoist  engineers 

Locomotive  engineers  and  helpers 

Headmen,  footmen,  and  plane  tenders. .  .  . 

Drivers,  runners,  and  spraggers 

Car  oilers 

9 

6 
5 
5 

1 
2 

9 
4 
6 

1 

3 

10 

4 
9 

4 
1 

1 

13 
4 

11 
5 
2 

Track  repairmen 

6 

Total 

28 

1 
1 

1 
9 
5 
9 
2 
1 

1 
1 
1 
1 

1 
5 

23 

1 
1 

1 
1 

8 
7 

1 

1 

2 

4 

1 
1 

29 

1 
1 
1 
11 
6 
6 

1 

2 
1 

2 

1 
3 
3 

1 

41 
3 

Preparation 

Breaker  bosses 

Ticket  takers 

Dumpers 

Platemen  and  tablemen 

2 

6 

Pickers  and  slatemen 

28 

Jig  and  spiral  attendants 

3 

Machinery  attendants 

Oilers 

6 
1 

Ropemen 

Breaker  cleaners 

Engineers 

1 

Breaker  pumpman 

7 

Box-car  loaders 

Coal-car  loaders 

7 

Car  cleaners  and  patchers 

Total 

39 

2 
6 

29 

1 
3 

40 

1 

64 

Distribution  of  refuse 

Locomotive  engineers  and  helpers 

Laborers 

Pulverizer  and  bore-hole  attendants 

2 

3 

1 

Total 

S 

5 
15 

2 

1 

4 

2 
4 
6 
2 

1 
1 
1 

1 

4 
4 

4 
1 

1 

1 
1 

Q 

Repairs  and  maintenance 

Blacksmiths 

Carpenters 

Machinists 

Masons 

3 
9 

2 

Electricians 

Machine  attendants 

House-repairmen 

Laborers 

6 

Total 

General 

23 

2 

1 
1 

2 

10 

6 

17 

2 

1 
1 
1 
1 

4 
2 

16 

2 

1 
1 
2 
1 

10 
3 

20 
3 

Court  house  (coal  inspection) 

2 

3 

Teamsters 

2 

Fan  engineers 

4 

Fresh-water  supply 

Prop  men 

s 

Crane  engineer 

1 

Total 

22 

6 
1 
2 
1 

12 

6 

1 
1 

1 

20 

13 

1 

23 

Steam 

Firemen 

6 

Fuelmen 

2 

Ashmen 

5 

Boiler  repairman 

Total 

Supervision 

Foremen  and  assistants 

10 

1 
3 

1 

9 

1 
3 

14 

1 
3 

1 

13 
2 

Clerks i 

4 

Total 

5 

4 

5 

6 

Total 

135 

98 

125 

173 

DEVER   C.    ASHMEAD  345 

is  no  way  in  which  the  triphng  of  this  expense  can  be  avoided,  when 
three-shift  operation  is  introduced,  except  by  an  increase  in  tonnage. 
On  every  shift  there  must  be  one  foreman.  The  same  is  true  of  the  ticket 
taker.  The  number  of  dumpers  must  be  tripled.  The  number  of  plate 
or  table  men  and  pickers,  or  slate  men,  could  probably  be  decreased  per 
shift,  though  not  in  proportion  to  the  number  of  shifts;  it  would  take  at 
least  twice  as  many  for  three  shifts  as  for  one. 

The  number  of  spiral,  jig,  and  machinery  attendants  on  any  shift 
probably  could  not  be  reduced,  even  though  the  output  per  shift  were 
reduced  two-thirds.  The  number  of  all  other  employees  would  probably 
have  to  be  tripled,  with  the  exception  of  the  car  loaders  and  runners,  the 
number  of  whom  would  only  increase  about  100  per  cent.  Allowing  for 
an  equal  number  of  men  on  each  shift  for  each  operation  and  making  due 
allowance,  in  some  cases,  for  abnormal  conditions,  it  will  be  found  that  for 
the  same  output  in  24  hr.  by  using  the  three-shift  plan,  mine  No.  1  would 
need  141  per  cent,  more  men  for  preparation;  mine  No.  2  would  use  147 
per  cent,  more  men;  mine  No.  3,  120  per  cent,  more;  and  mine  No.  4,  119 
per  cent.  more.  These  figures  may  be  compared  with  the  increase  from 
a  minimum  of  80  per  cent,  to  a  maximum  of  140  per  cent,  in  the  number  of 
men  employed  in  the  preparator,  as  shown  by  calculations  made  from 
the  curves. 

Outside  Force  Account 

Considering  the  total  outside  forces,  except  the  preparation  employees, 
Fig.  2  shows  that  a  colliery  having  an  output  of  900,000  tons  on  one  shift, 
or  300,000  tons  on  three  shifts,  will  require  351  men  for  the  three-shift 
operation  and  180  men  for  the  single-shift  operation.  Fig.  4  shows  that 
the  output  per  outside  man  in  the  three-shift  operation  is  2720  tons, 
whereas  for  the  single-shift  operation  it  is  5200  tons.  Thus  331  men  will 
be  required  for  three-shift  operation  and  173  for  single-shift.  From 
Fig.  6,  assuming  280  starts  per  year,  it  is  seen  that  360  men  are  needed  for 
the  three-shift  operation  and  only  206  for  the  single-shift.  Lastly,  from 
Fig.  8,  330  men  are  needed  for  the  three-shift  and  212  for  the  one- 
shift  operation.  Averaging  these  figures,  it  is  found  that  343  men  are 
required  for  a  three-shift  operation  and  only  193  men  for  a  single-shift 
operation  with  the  same  output,  or  a  saving  of  150  men  operating  for  the 
single  shift. 

Summary  of  Force  Accounts 

The  previous  results,  which  have  been  obtained  from  the  curves, 
show  that  with  three-shift  operation  1794  men  will  be  required,  whereas 
with  the  single-shift  operation,  which  now  obtains,  only  1387  men  are 
needed;  thus  the  present  method  saves  the  employment  of  407  men.  Fig. 
9  is  a  summary  curve  showing  the  average  number  of  men  employed  and 
also  the  number  that  would  be  required  for  two-  and  three-shift  operation 
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of  the  same  sized  colliery  but  with  the  output  divided  into  two  or  three 
as  the  case  may  be,  depending  on  the  number  of  shifts.  In  the  example 
taken,  the  force  of  men  required  would  have  to  be  increased  29.4  per  cent, 
if  the  mine  were  to  be  placed  upon  the  three-shift  basis  without  increasing 
the  output. 

These  figures  are,  of  course,  only  approximations  but  it  is  believed 
that  they  err  on  the  side  of  conservatism.  While  it  is  true  that  some 
classes  of  employees,  as  pumpmen,  would  not  be  affected  by  the  number 
of  shifts  worked,  these  variations  are  amply  compensated  for  in  the  con- 
servative allowances  for  other  classes  of  employees. 

Capital 

Unfortunately,  no  figures  are  available  that  will  show  the  effect  on 
the  cost  of  development  by  operating  the  mine  on  the  three-shift  instead 
of  a  single-shift  basis.  It  is  possible,  however,  to  show  in  the  case  of  a  few 
preparators  the  effect  of  this  on  the  cost  of  equipment.  Table  3  gives 
data  for  five  collieries,  from  which  the  effect  of  three-shift  operation  on 
the  equipment  cost  can  be  approximated. 

Table  3. — Cost  of  Construction  and  Other  Preparator  Operating  Data  as 

of  1920 


Mine  No.  1 

Mine  No.  2 

Mine  No.  3 

Mine  No.  4 

Mine  No.  5 

Maximum  capacity 

1,800 

1,500 

1,800 

4,800 

6,000 

Cost  of  construction  

$358,835 

$307,865 

$360,346 

$495,976 

$1,078,000 

Cost  per  ton  of  capacity. .  .  . 

$199 

$205 

$202 

$103 

$180 

Total  number  of  employees. 

39 

28 

39 

59 

56 

Tons  prepared  per  day  per 

employee 

46 

54 

46 

81 

107 

Tons  coal  prepared  in  1920. 

1     299,883 

222,792 

326,569 

515,169 

997,563 

Average  tons  prepared  per 

day 

1,082 

883 

1,320 

1,812 

3,420 

Per    cent,     of     maximum 

capacity     

60 

59 

73 

38 

57 

If  the  preparator  was  operated  upon  three  full  shifts  or,  in  other 
words,  if  the  output  was  tripled,  full  use  of  the  equipment  investment 
would  be  had,  but  the  investment  in  the  preparator  would  have  to  be 
increased  to  provide  machinerj''  to  take  care  of  breakdowns  and  permit 
continuous  operation. 

If  the  total  output  is  to  remain  the  same  and  the  present  preparator 
is  to  run  on  three  shifts,  no  advantage  will  be  obtained  as  the  investment 
remains  the  same,  provided  no  new  preparator  is  constructed.  Although 
operated  continuously,  only  one-third  of  the  capacity  of  the  equipment  is 
being  used  each  shift,  so  there  is  practically  no  change  in  the  use  of  the 
cost  of  the  equipment  in  three-shift  operation  over  one-shift  operation. 
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Another  assumption  is  tiie  use  of  a  smaller  preparator.  Mine  No.  5, 
in  Table  3,  has  a  daily  capacity  of  6,000  tons  and  its  preparator  cost 
$1,078,000.  This  is  a  one-shift  operation.  Suppose  that  the  preparator 
is  destroyed  and  that  it  is  proposed  to  build  a  plant  to  prepare  coal  on 
three  shifts,  so  as  to  reduce  the  capital  invested,  as  the  new  preparator 
will  only  have  one-third  of  the  capacity.  Mines  Nos.  1  and  3,  which 
have  approximately  one-third  the  capacity  of  mine  No.  5,  are  modern 
steel  buildings  of  the  same  general  type  as  that  at  mine  No.  5.  The 
average  cost  per  ton  capacity  of  No.  1  is  $199,  whereas  the  preparator 
for  mine  No.  5  costs  only  $180  for  the  same  unit  output,  therefore  the 
actual  investment  for  a  preparator  of  small  capacity  is  greater  per  ton 
than  for  a  larger  one. 

Mine  No.  2  has  approximately  one-third  the  capacity  of  mine  No.  4, 
but  the  cost  of  the  preparator  per  ton  capacity  is  $205  as  against  $103 
for  the  larger  operation.  This  latter  relation  is  more  typical  of  the 
average  condition  in  the  anthracite  field  than  is  the  preceding,  for  the 
preparator  for  mine  No.  5  cost  more  than  is  usual  because  of  certain 
conditions  peculiar  to  its  construction.  Therefore  the  cost  of  a  prepara- 
tor one-third  the  size  of  another  will  be  approximately  100  per  cent,  more 
per  ton  of  output. 

From  this  it  is  seen  that  in  no  case  is  the  saving  in  cost  directly  pro- 
portional to  the  change  in  the  tonnage  of  the  preparator.  In  the  case 
of  the  erected  preparator,  the  cost  per  ton  of  product  will  not  be  one- 
third  that  with  one-shift  operation  although  the  output  is  increased 
three  times;  it  will  be  one-third  plus  such  an  amount  as  will  provide 
machinery  to  permit  continuous  operation.  In  the  second  case,  the 
amount  of  cost  of  equipment  will  remain  roughly  the  same  no  matter 
whether  the  preparator  is  on  one  shift  or  on  three  shifts  as  the  output 
remains  constant.  In  the  third  case,  the  cost  of  the  preparator  per 
ton  of  output  increases  approximately  100  per  cent,  if  the  capacity 
per  shift  is  decreased  to  one-third.  Therefore,  the  three  following  con- 
clusions are  formed  on  the  investment  per  ton  of  output :  First,  that  the 
triple  shifting  of  an  already  erected  preparator  will  decrease  the  amount 
of  the  cost  of  investment  per  ton  of  daily  output;  second,  such  a  triple 
shifting  of  a  preparator,  if  not  accomplished  by  enlarging  the  capacity, 
will  not  make  any  change  in  the  amount  of  the  investment  per  ton  of 
output;  third,  the  construction  of  a  preparator  of  one-third  the  capacity 
will  not  proportionately  reduce  the  cost  per  ton  of  capacity. 

Supply  Account 

With  triple  shifting,  a  larger  supply  account  would  have  to  be  carried 
in  the  regular  mining  operations  as  more  equipment  would  have  to  be 
held  in  reserve  in  case  of  breakdowns,  for  as  the  equipment  would  be  in 
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continual  service  it  would  not  be  possible  to  repair  it  while  it  was  running 
and  hence  the  maintenance  could  not  be  as  good. 

Power  Consumption 

A  saving  would  be  effected  by  triple  shifting,  because  the  demand  for 
power  would  be  steady  and  hence  stand-by  losses  would  be  avoided.  All 
the  power,  no  matter  when  produced,  would  directly  promote  the  produc- 
tion of  coal. 

Storage  of  Coal 

If  the  mine  is  planned  to  operate  on  three  shifts  and  the  preparator 
on  one  shift,  the  storage  of  coal  mined  while  the  preparator  is  idle 
becomes  important.  There  are  two  places  for  the  storage  of  this  coal — 
on  the  surface  and  underground,  and  there  are  two  methods  that  can  be 
used  in  each  place. 

Either  storage  pockets  must  be  provided  for  the  coal  or  it  must  be 
dumped  in  piles  on  the  ground  or  retained  in  the  mine  cars.  It  would 
be  necessary  to  construct  storage  pockets  large  enough  to  hold  the  out- 
put from  two  shifts  and  so  designed  that  degradation  will  be  small  and  the 
coal  can  be  loaded  out  of  them  economically.  If  the  coal  were  to  be 
stored  in  stock  piles  a  suitable  method  must  be  provided  to  handle  the 
coal  from  the  mine  cars  to  the  stock  piles  and  from  the  piles  to  the  pre- 
parator. This  system  must  be  so  designed  that  the  degradation  of  the 
coal  will  be  reduced  to  a  minimum,  and  the  coal  must  be  recovered 
cheaply.  Also  some  method  for  keeping  the  coal  from  freezing  in  cold 
weather  will  be  needed. 

If  the  storage  is  to  be  underground,  it  must  be  either  in  mine  cars  or, 
if  the  measures  are  steeply  pitching,  in  the  breasts  themselves.  If  the 
first  is  chosen,  enough  cars  should  be  provided  to  handle  the  output  for  a 
period  of  24  hr.  Some,  however,  would  probably  be  enough  to  hold  the 
output  for  two  full  shifts  and  for  part  of  the  shift  that  is  being  worked 
while  the  preparator  is  running.  Although  it  has  been  said  that  this 
storage  is  to  be  underground,  in  warm  weather  all  or  part  of  the  cars 
could  be  held  on  a  siding  on  the  surface  and  in  cold  weather  a  thaw-shed 
could  be  used.  If  the  cars  are  to  be  left  underground,  ample  additional 
siding  space  must  be  provided,  and  this  is  extremely  expensive,  especi- 
ally underground. 

If  the  measures  are  generally  steeply  pitching,  the  coal  can  be  stored 
in  the  breasts  during  two  of  the  shifts  and  only  drawn  out  while  the 
preparator  is  operating.  This  would  mean  that  a  somewhat  smaller 
number  of  mine  cars  would  be  needed.  Underground  haulage  force  would 
be  lessened  in  this  case  as  no  haulage  would  be  done  during  two  of  the 
shifts,  except  in  those  parts  of  the  mine  where  the  measures  are  so  level 
that  the  coal  cannot  be  stored  in  the  breasts.  Fewer  men  also  would  be 
required  for  hoisting  as  this  operation  would  go  on  during  only  one  shift. 
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This  would  reduce  the  number  of  headmen  and  footmen,  but  would  not 
entirely  eliminate  them  during  the  two  shifts  during  which  no  coal  was 
being  hoisted,  as  supplies  would  be  handled  and  men  raised  and  lowered. 

Of  the  two  methods  of  storage  that  in  mine  cars  is  the  better,  as  the 
coal  must  be  handled  only  once,  so  that  there  is  no  degradation ;  but  a 
greater  investment  in  mine  cars  is  required,  also  a  greater  cost  for  sidings. 
If  stored  in  piles  on  the  surface,  second  handling  of  the  coal  cannot  be 
avoided  and  the  coal  is  broken  and  subject  to  attrition.  The  cost  of 
providing  storage  room  is  excessive.  The  extra  handling  of  the  coal 
increases  the  operating  expenses. 

The  converse  of  this  case  is  that  in  which  the  preparator  is  to  be 
operated  on  three  shifts  and  the  mine  on  one  shift.  Here  it  is  again 
necessary  to  store  coal.  Two-thirds  of  the  mine  output  in  the  one  shift 
must  be  handled  or  stored  to  supply  the  three-shift  operation  of  the 
preparator.  In  this  case,  however,  underground  storage  would  be 
unreasonable,  for  if  the  coal  were  stored  in  the  breasts,  it  would  be 
necessary  to  have  three-shift  operation  of  all  underground  work  except 
cutting  the  coal.  If  the  coal  was  stored  in  mine  cars,  the  hoist  would  run 
steadily  in  all  three  shifts.  Either  of  these  methods  would  make  the 
operating  costs  too  excessive  to  consider.  If  the  storage  were  on  the 
surface  there  would  be  excessive  degradation  and  the  cost  of  constructing 
sufficiently  large  pockets  and  unloading  and  reloading  machinery, 
besides  the  cost  of  rehandling  this  coal.  Therefore  the  conclusion  must 
be  reached  that  the  storage  of  coal  from  the  mine,  because  of  the  single- 
shift  operation  of  either  mine  or  preparator,  is  not  feasible  and  would 
increase  mining  costs  unreasonably. 

Railroad  Car  Supply 

If  an  anthracite  mine  was  to  be  operated  on  the  three-shift  plan,  it 
might  mean  that  greater  railroad-car  empty  and  loaded  tracks  would 
have  to  be  provided  in  order  that  on  the  off  shifts  a  sufficient  supply  of 
cars  might  be  on  hand  if  the  railroad  would  not  make  provision  to  furnish 
them  when  they  were  needed. 

Effect  on  Market 

If  a  considerable  number  of  anthracite  collieries  were  put  on  the  full 
three  shifts  and  their  outputs  tripled,  there  would  be  a  tendency  to  over- 
produce and  the  markets  would  be  glutted.  This  would  particularly 
affect  the  steam  sizes  which,  under  present  conditions,  are  sometimes 
difficult  to  move. 

Specific  Examples  of  Triple  Shifting 

It  would  be  well  to  tabulate  the  conditions  under  which  triple  shifting 
might  be  arranged,  noting  in  each  case  the  results  favorable  or  unfavor- 
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able,  deviating  from  the  time-honored  plan  of  single  shifting  mine 
and  preparator. 

Assumption  1. — A  mine  of  normal  production  operating  under 
present  methods. 

Assumption  2. — An  old  mine  with  the  preparator  in  good  condition 
and  operated  with  first  and  second  mining;  it  is  desired  to  place  the  mine 
on  full  three-shift  operation  to  triple  the  output. 

Assumption  3. — An  old  mine  that  can  be  operated  by  dividing  the 
present  force  into  three  parts,  each  part  working  an  integral  portion  of  the 
mine,  and  operating  the  preparator  on  a  three-shift  basis,  (a)  By 
working  different  beds  in  different  shifts;  (6)  by  working  different  shafts, 
slopes,  or  drifts  in  different  shifts. 

Assumption  4. — The  whole  mine  worked  on  a  one-shift  basis  and  the 
preparator  on  a  three-shift  basis. 

Assumption  5. — A  new  mine,  a  preparator  to  be  so  planned  as  to 
operate  on  three  shifts. 

Assumption  6. — A  new  mine  to  be  laid  out  to  operate  on  three  shifts 
and  the  preparator  on  one  shift,  (a)  The  output  to  be  the  same  as 
operating  under  present  methods;  (6)  the  output  to  be  the  maximum  for 
each  shift. 

Assumption  7. — A  new  mine  to  be  designed  to  operate  on  one  shift 
and  a  new  preparator  on  three  shifts. 

Assumption  8. — A  consolidation  of  two  or  three  collieries,  each  to  be 
operated  on  a  separate  shift,  and  the  preparator  to  be  operated  on  a 
three-shift  basis. 

Assumption  9. — A  consolidation  of  two  or  three  colUeries  each  to  be 
operated  on  three  shifts  and  the  preparator  on  a  single  shift. 

Assumption  10. — A  consolidation  of  two  or  three  collieries,  all  to  be 
operated  on  the  same  shift  and  the  preparator  on  three  shifts. 

Assumption  11. — Two  of  three  collieries  to  be  abandoned  and  work  to 
be  concentrated  in  one  colliery  producing  the  same  tonnage  as  obtained 
from  the  three;  both  colliery  and  preparator  to  be  operated  on  three  shifts. 

Conclusion 

The  ten  main  conditions  that  must  be  considered  in  the  multiple 
shifting  of  anthracite  collieries  are  shown  above  and  in  Table  4;  besides 
these  others  might  arise  in  the  case  of  any  particular  colliery. 

There  may  be  individual  cases  where  multiple  shifting  of  anthracite 
mines  might  be  advisable  due  to  peculiar  conditions  that  are  not  general 
throughout  the  fields.  It  might  be  advisable,  in  case  of  accident  to  one 
operation,  to  give  employment  and  maintain  output,  or  if  for  any  cause 
there  is  a  serious  shortage  of  coal,  or  on  account  of  the  pending  expiration 
of  a  lease  on  a  property.     Such  an  operation  would  not  be  multiple 
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shifted  for  any  saving  in  operating  expenses  or  continous  use  of  capital 
but  on  account  of  special  conditions. 

Double  shifting  instead  of  triple  has  not  been  mentioned  but  the 
conditions  and  the  items  affecting  this  would  be  similar  but  less  in  degree. 

From  a  study  of  the  preceding,  the  effect  of  the  different  assumptions 
on  the  operation  is  shown  and  it  appears  that  not  one  of  the  assumptions 
shows  as  economical  and  practicable  a  method  of  operation  as  the  usual — 
a  mine  that  operates  on  one  shift  and  preparator  that  also  operates  on 
the  same  shift. 

DISCUSSION 

R.  V.  NoRRis,  Wilkes  Barre,  Pa. — The  author  has  made  a  careful 
study  of  the  results  of  the  operation  of  nearly  half  of  the  anthracite 
region  and  has  shown  the  economies  of  production  in  large  units.  The 
diagrams  should  be  on  a  much  larger  scale  as  they  will  be  widely  used  for 
reference  in  studies  of  future  installations,  and  in  the  analyses  of  costs. 
Necessarily,  the  upper  ends  of  the  curves  for  very  large  unit  output 
are  based  on  relatively  few  observations  and  it  is  reasonable  to  suppose 
that  some  changes  might  be  necessary  in  these  were  a  larger  number  of 
observations  available. 

It  is  interesting  to  find,  in  Fig.  9,  that  up  to  1,000,000  tons  output, 
taking  the  single-shift  operation  as  a  base,  the  double  shift  roughly 
requires  16)-^  per  cent.,  and  treble  shift  30  per  cent,  additional  employees; 
this  regularity  in  the  final  result  tends  to  confirm  the  accuracy  of  the 
figures  and  the  methods  employed. 

L.  M.  Kniffen. — Two  assumptions  that  should  receive  further 
consideration  are  numbers  eleven  and  five.  The  first  covers  the  case 
of  an  existing  group  of  collieries  where  one  preparator  is  operating  at  a 
much  smaller  cost  per  ton  of  output  than  the  others.  Under  these  condi- 
tions it  might  be  possible  to  make  large  savings  by  operating  the  best  equip- 
ment three  shifts  per  day  and  dismantling  two  other  structures  of  like 
capacity.  This  would  not  require  large  capital  expenditure  and  the 
improved  working  conditions  might  overcome  the  disadvantage  of 
requiring  the  men  to  change  shifts. 

Similar  consideration  might  also  be  applied  to  the  mining  conditions. 
In  an  existing  group  of  properties  considerable  savings  might  be  made 
by  concentrating  work  in  one  mine  with  resulting  savings  in  the  operation 
of  haulage  ways,  slopes,  etc.  The  first  mine  in  this  case  would  be  exhaust- 
ed and  abandoned  at  an  earlier  date  so  that  maintenance  cost  could 
be  cut  off. 

The  consolidation  of  collieries  is  receiving  close  engineering  attention 
at  present  and  three-shift  operation  offers  a  means  that  should  be  given 
consideration  in  the  estimates.     It  will  be  necessar}""  to  take  account  of  all 
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local  conditions  and  the  general  comparisons  given  in  the  paper  would 
not  apply  to  this  special  condition. 

In  assumption  5,  the  problem  is  less  complicated,  for  the  transporta- 
tion, hoisting  and  preparation  can  be  done  on  a  less  expensive  scale. 
Under  these  conditions  the  conclusions  arrived  at  from  a  study  of  the 
curves  would  not  apply,  for  new  equipment  intended  for  three-shift 
operation  would  be  built  to  avoid  the  diflSculties  pointed  out.  The  paper 
shows  that  the  output  per  man  decreases  as  the  output  decreases;  the 
reason  why  the  change  is  so  marked  is  that  the  preparators  shown  are 

Comparison  of  Operating  Costs,  300  Days  per  Year,  Structural 

Steel  Preparator 

One  Unit  Three  Units 

1000  Tons  Per  8  Hr.  3000  Tons  Per  8  Hr. 

OB  OR 

3000  Tons  Per  24  Hr.  3000  Tons  Per  24  Hr. 

Preparator  Total  per      Cost  Per  Total  per       Cost  per 

Year  Ton  Year  Ton 

Interest,  at  8  per  cent $14,400.00  $0,016  $  43,200.00  $0,048 

Amortization,  at  5  per  cent..     9,000.00  0.010  27,000.00  0.030 

Taxes,  at  2  per  cent 3,600.00  0.004  10,800.00  0.012 

Fire  insurance,  at  0.2  per  cent.        360.00  0.000  1,080.00  0.001 

Depreciation  at  1.5  per  cent.     2,700.00  0.003  8,100.00  0.009 

Power... 18,000.00"  0.020"  28,800. 00»  0.032* 

Total $48,060.00     $0,053  $118,980.00     $0,132 

Difference  $0,079.  Interest  and  amortization  at  12  per  cent.  Leased  property 
royalty  basis. 

"l.Oc.  per  kw.-hr.  ""at  1.6c.  per  kw.-hr. 

Amount  Cost  Per  Amount    Cost  Per 

Amount      Per  Year      Ton  Amount      Per  Year        Ton 

Underground  develop- 
ment and  equipment ... .  $250,000     $30,000    $0,033     $400,000     $48,000    $0,053 

Hoist  and  misc.  equip- 
ment        75,000        9,000      0.010       100,000       12,000      0.013 

R.  R.  yards  and  sidings..       60,000        7,200      0.008         60,000        7,200      0.008 

0.051  0.074 

Difference,  $0,023 

operating  at  but  little  more  than  half  capacity.  If  a  colliery  designed 
for  three-shift  operation  was  found  to  be  over  capacity  some  of  the  shifts 
might  be  discontinued. 

It  is  stated  that  the  cost  of  a  preparator  one-third  the  size  of  another 
will  be  approximately  100  per  cent,  more  per  ton  of  output.  This 
applies  to  most  existing  conditions,  but  in  some  recent  structures  of 
large  capacity  the  unit  principle  has  been  adopted  in  order  to  simplify 
construction  and  operation;  this  is  regular  metal-mining  practice.  This 
condition  affords  a  means  of  comparing  the  two  systems  of  operations 
under  the  same  conditions.     As  each  unit  is  complete  in  itself,   the 
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construction  cost  of  each  should  be  about  the  same.  A  reduction  in 
the  mining  capacity  would  therefore  mean  a  reduction  in  the  number  of 
units.  The  cost  of  a  one-unit  plant  to  operate  three  shifts  per  day  would 
be  just  about  one-third  of  the  cost  of  a  three-unit  plant  to  turn  out  the 
same  quantity  in  8  hours. 

The  same  condition  applies  to  the  force  of  men  required.  It  is 
general  practice  for  each  unit  to  have  its  complete  crew  so  that  outside 
of  superintendence  a  one-unit  plant  should  require  about  one-third  as 
many  men  as  a  three-unit  plant. 

On  this  assumption  a  table  has  been  prepared  which  shows  the  effect 
on  the  various  items  of  operating  cost  that  depend  on  the  amount  of 
capital  invested  in  the  equipment.  This  is  based  on  an  assumed  case  of 
a  new  property  which  is  to  be  equipped  to  yield  3000  tons  by  the  two 
methods  of  operation. 

It  will  be  noted  that  the  possible  profits  that  would  otherwise  be 
obtained  would  be  an  item  of  some  consideration. 

The  amount  of  development  work  per  ton  of  coal  mined  would  remain 
approximately  the  same  whether  the  mine  were  operated  on  one  shift 
or  three.  The  faces  in  coal  would  be  kept  open  a  shorter  length  of  time 
and  a  smaller  number  would  be  required  for  a  given  colliery  output. 

It  has  been  stated  that  there  is  difficulty  in  keeping  development  work 
sufficiently  far  in  advance  of  the  coal-mining  forces.  It  is  possible  that 
a  more  general  intensive  operation  of  the  collieries  would  bring  about 
faster  and  cheaper  driving  of  development  forces,  as  has  been  the  case  in 
metal-mining  practice. 

As  the  day  time  is  the  natural  time  for  men  to  work  we  should  hesi- 
tate to  change  the  long-established  custom  of  the  coal-mining  regions, 
which  allows  nearly  all  the  employees  to  spend  the  natural  recreation  and 
rest  part  of  the  day  with  their  famihes.  The  small  margin  of  saving 
that  three-shift  operation  presents  might  well  be  considered  as  an  invest- 
ment in  the  welfare  of  the  workers. 

Wm.  H.  Grady,  Duncott,  Pa. — Many  of  the  men  here  know  that  the 
face  of  a  breast  today  is  not  working  8  hr. ;  20  or  40  years  ago  the  face  of 
a  breast  was  worked  very  much  more  than  8  hr. ;  today  4  hr.  is  the  esti- 
mated time  worked.  I  believe  that  is  the  gist  of  the  matter;  whether  or 
not  a  breast  can  be  worked  continuously.     I  believe  it  can. 

Douglas  Bunting,  Wilkes-Barre,  Pa. — In  the  paragraph  entitled 
Underground  Forces,  the  statement  "The  miners  and  their  helpers  con- 
stitute only  30  to  40  per  cent,  of  the  men  employed"  appears  to  be  in 
error.  Taking  the  four  operations  cited  and  totaling  up  the  working 
forces  gives  1174  miners  and  laborers,  817  company  men,  and  53  outside 
company  men,  or  46  per  cent,  miners  and  laborers,  33  per  cent,  inside 
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company  men,  and  21  per  cent,  outside  force.  If  the  underground  forces 
only  are  considered,  the  percentage  of  these  forces  would  be  59  per  cent, 
miners  and  laborers  and  41  per  cent,  company  men.  From  my  personal 
observation,  the  statement  should  be  40  to  50  per  cent,  in  place  of  30 
to  50  per  cent. ;  the  four  operations  cited  gives  46  per  cent. 

One  matter  in  connection  with  this  two-shift  or  three-shift  operation 
that  was  not  mentioned  is  the  hoisting  and  lowering  of  men  and  supplies. 
The  curves  given  will  be  referred  to  by  many  engineers  and  will  prove  of 
value.  It  may  be  that  they  have  not  been  compiled  from  as  many  opera- 
tions as  they  should  have  been;  that  the  figures  from  which  they  have 
been  compiled  have  not  been  compiled  with  as  great  accuracy  as  they 
might  have  been;  that  the  forces  involved  as  reported  do  not  include  all 
of  the  men  employed  at  the  operation,  as  for  illustration  "floating 
gangs;"  and  that  they  have  simply  taken  the  force  as  appearing  upon  the 
colliery  pay  roUs.  A  number  of  the  anthracite  operations  that  carry 
"floating  gangs"  may  not  have  been  included  in  this  report.  To  get 
at  a  true  record  of  the  force  employed  every  employee  should  be  counted. 
But,  nevertheless,  the  curves  are  good  and  of  value. 

W.  S.  Ayres,  Hazleton,  Pa. — Although  metal-mine  engineers  have 
characterized  the  methods  used  in  the  anthracite  region  as  old-fashioned 
and  antiquated  and  entirely  out  of  date,  I  have  always  reasoned  that 
the  anthracite  engineers  were  operating  according  to  plans  developed  by 
experience.  Cost  sheets  and  much  other  data  have  been  secured  for 
their  guidance.  This  applies  to  mining  and  transportation  under  and 
above  ground  as  well  as  preparation.  The  problems  to  be  met  are  not 
only  numerous  but  varied  and  complicated.  From  the  data  given  in 
this  paper,  a  fair  forecast  can  be  made  as  to  what  a  new  operation  can  be 
made  to  do,  and  also  what  returns  the  remodeling  of  an  old  plant 
will  yield. 

To  establish  these  average  curves  was  no  small  task,  and  the  great 
variations  of  the  individual  results  show  too  that  improvements  can 
possibly  be  made  in  those  operations  below  the  average  efiiciency,  and 
that  the  engineer  must  be  constantly  on  the  lookout  for  local  advantages. 
This  presentation  of  the  problem  opens  up  many  fields  for  investigation 
in  individual  operations  and  furnishes  a  standard  average  efiiciency  below 
which  any  deviation  should  receive  careful  analysis. 

In  Table  No.  3,  the  item  "Tons  prepared  per  day  per  employee" 
should  read  "Tons  per  capacity."  It  does  not  give  the  average  tons 
prepared  per  man,  which  I  find  to  be:  for  No.  1,  27;  for  No.  2,  31;  for 
No.  3,  34;  for  No.  4,  31;  and  for  No.  5,  61. 

It  is  almost  an  impossibility  to  acquire  a  three-shift  operation  with 
the  men  we  now  have,  whether  the  machinery  was  designed  for  it  or  not. 
It  is  almost  impossible  to  get  three  shifts  into  the  one  mine. 
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Eli  T.  Conner,  Scranton,  Pa. — The  author  appears  to  prove  con- 
clusively the  negative  side  of  the  question;  there  must  be  another  side 
to  it,  however. 

J.  B.  Warriner,  Lansford,  Pa.  (written  discussion). — I  agree  with 
Mr.  Conner  that  the  author  has  proved  conclusively  the  negative  side  of 
the  question;  in  fact,  I  think  that  he  has  taken  the  negative  side  too  much 
for  granted.  I  do  not  believe  that  the  difficulties  in  the  way  of  establish- 
ing a  double-shift  or  triple-shift  system  of  operation  that  he  mentions 
are  at  all  insurmountable.  I  do  question,  however,  the  practical  value 
of  double  or  triple  shifts  under  present  conditions. 
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An  Inventory  of  Results  of  Accident  Prevention 

C.  A.  Allen,*  Salt  Lake  City,  Utah 

(New  York  Meeting,  February,  1922) 

For  over  three  years  we  have  been  endeavoring  to  reduce  the  number 
of  fatahties  and  minor  accidents  in  Utah.     The  physical  condition  of  the 
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Fig.  1. — Number  killed  per  million  short  tons  of  coal  produced  in  Colo- 
rado, New  Mexico,  Utah,  Wyoming,  and  bituminous  mines  of  the  United  States, 
1914  TO  1920. 


mines,  concentrators,  and  smelters  is  good,  yet  the  number  of  accidents, 


*  Mining  Engineer,  U.  S.  Bureau  of  Mines;  Chief  Mine  Inspector  for  Industrial 
Commission  of  Utah. 
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especially  in  the  coal  mines,  has  been  much  higher  than  it  should  be; 
though  compared  with  all  the  mines  of  the  United  States,  the  metal- 
mine  accident  rate  has  been  good.  This  has  been  a  source  of  wonder  to 
us  because  we  are  proud  of  the  physical  condition  of  our  coal  mines,  just 
as  much  as  of  our  metal  mines;  in  fact,  because  we  have  a  number  of 
large  new  coal  mines  developed  along  the  most  modern  lines,  we  beheve 
that,  taking  the  state  as  a  whole,  we  have  just  as  good  coal  mines  as 
any  state  in  the  Union. 
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Fig.  2. — Fatalities  and  injuries  in  metal  mines  and  fatalities  in  bituminous 

COAL  MINES  PER  1000,  300-DAY  WORKERS,   1911  TO  1929.       WhOLE  UnITED  StATES. 

The  fatality  rates  in  the  coal  mines  of  Colorado,  New  Mexico,  Utah, 
and  Wyoming,  as  compared  with  those  in  the  United  States,  for  the 
years  1914-1920,  arc  given  in  Fig.  1,  which  shows  that  something  is 
wrong  with  the  coal  mines  not  only  in  Utah  but  in  those  of  at  least  three 
other  western  states. 

To  determine  whether  the  lack  of  improvement  in  lowering  accident 
rates  was  peculiar  to  Utah  and  the  West,  or  was  common  to  the  whole 
United  States,  Figs.  2  and  3,  showing  the  number  of  men  killed  in  coal 
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and  metal  mining  since  1910,  were  prepared.  Considering  the  efforts 
in  safety  work  during  these  years,  conditions  do  not  show  the  improve- 
ment they  should.  Every  fataUty  in  Utah  is  investigated  by  a  mine 
inspector,  and  their  reports  were  carefully  gone  over  in  an  effort  to  place 
the  responsibihty  for  the  deaths.  Out  of  57  fatalities  in  the  mines, 
quarries,  mills,  and  smelters,  in  1919  and  1920,  the  responsibility  could 
be  placed  about  as  follows: 
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Open-pit 
Mines  and 
quabbies, 
Per  Cent. 

Under- 
ground 
Mines, 
Per  Cent. 

Mills 

AND 

Smelters, 
Per  Cent 

30 

16 

30 

40 
10 

6M 

29 

20 

20 

42 

50 

Fatalities  due  to  conditions  that  could  have 

been  avoided  by  companies 

Laxness  of  foremen  or  bosses,  in  some  cases 

shared  by  man  killed 

Fault  of  feUow  emploj^ees 

Carelessness  of  man  killed 

Purely  accidental 

Out  of  63  fatalities  in  the  coal  mines  in  1919  and  1920,  we  placed  the 
responsibihty  as  follows: 

Per  Cent. 

Fault  of  man  killed 39 

Due  to  conditions  that  could  have  been  avoided  by  company 9 

Fault  of  fellow  employee 11 

Purely  accidental 41 

Fig.  4  shows  the  total  accident  rate  at  the  concentrating  mills  in 
Utah,  the  plants  being  arranged  in  the  order  of  the  efficiency  of  their 
mechanical  safeguards.     Fig.  5  shows  the  accident  rates  at  a  number  of 
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Fig.  4. — Accidents  per  100,000  shifts  in  ore  mills  of  Utah,  1920. 

the  large  metal  mines,  which  are  arranged  in  the  order  of  the  number  of 
men  employed ;  and  Fig.  6  shows  the  same  data  for  the  larger  coal  mines 
of  the  state.  We  realize  that  some  of  the  data  shown  do  not  cover 
sufl&cient  time  to  make  conclusive  the  deductions  to  be  drawn.  Also 
in  1920,  on  which  Figs.  4,  5,  and  6  are  based,  the  accident  rates  were  the 
highest  in  both  metal  and  coal  mines.  Probably  a  year  of  high  accident 
rates  is  the  best  to  study  but,  at  any  rate,  it  was  the  only  year  for 
which  complete  figures  were  available. 

Fig.  4  shows  that]  some  of  the  mills  that  were  considered  to  be  the 
best  equipped  with  mechanical  safeguards,  such  as  guards  for  gears, 
belts,  and  pulleys,  and  raihngs  for  stairways  and  runways,  had  unusually 
high  accident  rates;  whereas  poorly  guarded  mills  showed  low  acci- 
dent rates. 

In  Fig.  5,  the  accident  rates  at  eleven  of  the  larger  underground 
metal  mines  are  shown,  the  mines  being  arranged  in  the  order  of  the  num- 
ber of  men  emploj^ed,  which  ranges  from  75  to  nearly  500  men.     It  will 
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be  noted  that  six  of  the  mines  had  a  higher  accident  rate  than  the  state 
total,  whereas  only  four  had  a  lower  rate,  which  proves  that  the  smaller 
mines  not  shown  in  the  figure  had  still  lower  accident  rates.  The  two 
mines  with  the  most  accidents  were  both  mines  in  good  physical  condition 
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5. — Accidents  per  300,000  shifts  in  larger  itndergrottnd  metal  mines 

ARRANGED  IN  ORDER  OF  NUMBER  OF  MEN  EMPLOYED.       UtAH,   1920. 


but,   because  of  their  location,  had  difiiculty  in  maintaining  steady 
employees,  thus  giving  them  a  high  rate  of  labor  turnover  each  month. 

Fig.  6,  shows  the  accidents  at]  the  [larger  coal  mines.  Knowing  the 
conditions  at  the  mines  given,  it  can  be  positively  stated  that,  other 
things  being  equal,  the  smaller  coal  mines  have  the  lowest  accident  rates. 
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Fig.  6. — Accidents  at  the  larger  coal  mines  of  Utah,  1920.    Arranged  in  order 

OF  NUMBER  OF  MEN  EMPLOYED.       BaSED  ON  300,000  SHIFTS. 

One  of  the  two  mines  employing  less  than  50  men  did  not  have  an  accident 
during  the  year;  the  other  had  the  next  lowest  accident  rate.  Many  of 
the  employees  of  both  of  these  mines  had  worked  at  the  properties  for 
years  and  the  percentage  of  "floaters"  was  very  low.  The  three  mines 
showing  the  highest  accident  rates  were  not  the  largest  mines,  but  were 
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mines  having  the  largest  labor  turnover  during  the  year;  two  of  them 
also  had  several  changes  of  management.  Some  of  the  largest  mines 
had  comparatively  low  accident  rates,  but  most  of  them  had  more  efficient 
safety  inspection  and  instruction  and  had  steady  employees,  which 
outweighed  the  advantages  of  the  smaller  mines. 

As  has  been  stated,  during  1920,  accidents  were  more  numerous  than 
in  the  years  preceding  or  following.  For  most  of  the  year,  men  were  not 
plentiful,  there  was  a  large  demand  for  coal,  and  the  men  were  making 
extremely  high  wages. 

A  careful  study  of  the  results  shown,  taken  in  conjunction  with  other 
information,  led  to  the  following  conclusions: 

1.  The  men  are  responsible  for  most  of  the  accidents,  and  efforts  to 
reduce  the  number  of  accidents  must  take  this  fact  into  consideration. 
While  there  is  a  large  proportion  of  good,  careful,  efficient,  conscientious 
workmen,  unfortunately,  too  large  a  percentage  of  the  men  are  not  of 
this  type  and  they  are  the  ones  toward  whom  our  efforts  must  be  directed. 

2.  A  mine,  or  more  especially  a  plant,  having  the  best  physical  condi- 
tion may  have  the  highest  accident  rate.  When  a  plant  is  well  provided 
with  safeguards,  there  is  a  tendency  for  some  men  to  become  careless  and 
to  consider  the  safeguards  as  an  excuse  for  less  care  and  sometimes  as  an 
object  of  ridicule. 

3.  Other  things  being  equal,  small  mines  have  proportionately  much 
fewer  accidents  than  large  mines. 

4.  The  efficiency  and  abihty  of  the  mine  management  is  one  of  the 
most  decisive  factors  in  the  prevention  of  accidents.  When  a  good 
foreman  can  maintain  proper  discipline  regarding  safety  measures, 
accidents  will  be  few. 

5.  Since  the  passage  of  compensation  laws  by  the  various  states, 
there  has  been  a  marked  increase  in  the  number  of  minor  accidents 
reported,  as  is  shown  in  Fig.  2.  While  the  great  benefit  of  these  laws 
has  been  most  thoroughly  proved,  men  of  a  certain  type  have  taken 
advantage  of  the  laws  to  lay  off  from  work  when  they  would  not  have 
done  so  if  they  were  not  to  receive  compensation.  It  is  also  not  unreason- 
able to  assume  that  the  knowledge  that  they  will  receive  a  monetary 
consideration  if  they  are  injured  has  a  tendency  to  make  some  men 
more  careless. 

6.  When  labor  is  scarce  and  wages  are  high  too  many  men  will  refuse 
to  recognize  safety  regulations,  and  accidents  increase. 

When  we  found  that  one  of  our  best  guarded  concentrating  mills  had 
the  highest  accident  rate  in  the  state,  and  one  of  our  poorest  guarded 
mills  had  one  of  the  lowest  accident  rates;  also  when  we  saw  that  the 
coal  mines  had  a  much  higher  accident  rate  than  the  metal  mines, 
while  there  had  been  a  careful  state  inspection  of  the  former,  and  no 
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inspection  of  the  latter  prior  to  1917,  we  naturally  questioned  the  value  of 
safeguards  and  inspections. 

A  few  other  facts  however,  and  a  little  careful  reflection,  will  show  that 
we  must  abandon  neither  our  mechanical  safeguards  nor  our  inspection 
service.  In  Utah,  there  are  four  large  smelters  that  are  excellently 
equipped  with  mechanical  safeguards  and  have  well-defined  safety 
organizations  for  the  education  of  the  men.  When  these  safety  organiza- 
tions were  inaugurated,  at  least  two  of  the  plants  reduced  their  accident 


Fig.  7. — Number  of  disasters  killing  five  or  more  men  and  the  number  of  men 

KILLED  BT  SUCH  DISASTERS,  1911  TO  1920.      WhOLE  UnITED  StATES. 

rate  one-haK  the  first  year,  and  reduced  that  one-haK  the  next  year;  this 
shows  that  mechanical  safeguards,  with  proper  education  of  the  men  at 
the  same  time,  will  produce  results.  In  1919,  Utah  required  that  safe- 
guards be  installed  in  the  metal  mines  and,  in  1920,  in  the  coal  mines; 
a  number  of  instances  have  come  to  the  attention  of  the  inspectors  where 
lives  have  been  saved  by  these  safeguards. 

Then,  too,  in  accident  prevention  the  operating  company  must  take 
the  lead  and  show  its  interest;  therefore,  if  we  discard  the  safeguards 
referred  to  we  would  be  placing  all  the  responsibility  on  the  men. 


Fig.  8. 


-Number  of  men  killed  in  coal  mines  by  common  accidents  only,  1911 
TO  1920.     Whole  United  States.      Includes  anthracite  mines. 


Another  thing  that  must  be  considered  is  that  a  number  of  safeguards 
that  can  be  applied  in  mining  protect  the  men  against  conditions  over 
which  they  themselves  have  no  control;  for  instance,  men  on  a  swiftly 
moving  cage  cannot  save  themselves  if  there  is  an  accident  caused  by  a 
defective  hoist  or  the  lack  of  an  overwind  device.  Also,  if  an  explosion 
occurs,  the  careful  man  suffers  with  the  careless.  Fig.  7  shows  the 
number  of  disasters  and  the  number  of  men  killed  by  such  disasters  in 
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the  coal  mines  of  the  United  States  from  1911  to  1920,  and  Fig.  8 
shows  the  fatalities,  eliminating  those  due  to  disasters.  The  curves  in 
Fig.  7  show  a  decided  downward  trend;  and  when  we  remember  that,  in 
1911,  in  fifteen  major  disasters  in  coal  mines  413  men  were  killed,  which 
was  15)-^  per  cent,  of  all  the  men  killed  in  the  coal  mines  that  year, 
whereas  in  1920  there  were  only  eight  major  disasters  in  which  61  men 
were  killed,  or  2.7  per  cent,  of  all  the  fatalities,  there  is  reason  for  con- 
gratulation. Credit  for  this  remarkable  showing  can  be  given  to  the 
operators  who  have  incurred  considerable  expense  to  make  their  mines 
less  liable  to  explosions,  to  the  state  inspectors,  who  have  insisted  on 
strict  precautions  in  this  regard,  and  to  the  United  States  Bureau  of 
Mines,  which  has  been  the  leader  in  explosion  prevention. 

In  Utah  we  saw  that,  while  we  had  made  considerable  progress  in 
providing  safeguards  and  in  reducing  the  number  of  accidents  caused  by 
conditions  over  which  the  men  had  no  control,  it  would  be  necessary  to 
do  more  work  with  the  men  themselves.  We,  therefore,  inaugurated 
a  safety  campaign,  in  w^hich  the  mine  operators,  the  mine  inspectors,  and 
the  crew  of  the  U.  S.  Bureau  of  Mines  Car  No.  11  cooperated.  This 
campaign  consisted  of  foremen's  meetings,  rallies  for  the  men,  and  work 
in  the  schools  and  other  organizations.  The  methods  by  which  this 
campaign  was  carried  out  have  been  described;  the  accompanying  table 
shows  the  number  of  persons  who  attended  the  various  meetings. 

Table  1. ^Safety  Meetings  and  Their  Attendance 


Smelters 


Metal 
Mines 

Coal 
Mines 

6 

IG 

176 

184 

6 

19 

1455 

3962 

210 

487 

1079 

1405 

Foremen's  meetings  held 3 

Number  attending 209 

Safety  rallies  held 3 

Number  attending 345 

Men  trained  in  first  aid 209 

Children  enrolled  as  safety  and  health  scouts.  0 


The  number  of  fatalities  in  mining  in  Utah  during  1921  was  much 
lower  per  1000  emplo3^cd  than  the  average  of  the  last  seven  years,  as 
shown  in  Figs.  1  and  3  and,  no  doubt,  some  credit  must  be  given  to 
this  safety  campaign.  It  enlisted  the  efforts  of  the  foremen  and  the 
good  miners,  and  due  to  the  plentiful  supply  of  men,  the  foremen  were 
enabled  to  enforce  strict  discipline.  This  was  also  the  first  year  in  which 
the  coal  mines  were  brought  up  to  the  standards  of  the  new  safety 
regulations  accepted  by  the  operators  and  the  state  in  1920.  The  results 
of  a  campaign  of  this  kind,  however,  are  but  transitory,  and  something 
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more  permanent  is  necessary.  Real  training  of  a  large  percentage  of  our 
miners  is  imperative  before  accident  prevention  will  attain  its  ultimate 
success;  the  methods  for  doing  this  have  not  been  fully  developed.  Large 
machine  shops  and  factories  of  the  East,  I  understand,  have  solved  the 
problem  satisfactorily,  but  mining  presents  a  somewhat  different  problem. 
The  following  methods  seem  the  most  likely  to  result  in  success. 

1.  The  principles  of  safety  and  efficiency  should  be  inculcated  in  the 
minds  of  the  school  children  in  the  mining  camps;  also  the  spirit  of 
taking  pride  in  their  work. 

2.  The  apprentice  system  should  be  adopted  wherever  the  conditions 
of  the  work  will  permit.  By  paying  the  apprentice  less  money,  the 
skilled  man  may  receive  more  without  increasing  the  total  cost  of  the 
products.  In  the  coal  mines,  a  man  just  arrived  from  foreign  lands 
frequently  gets  the  same  wages  as  an  experienced  miner;  and  boys  17 
years  old  get  the  same  wages  as  their  fathers,  which  is  not  only  an  injustice 
but  also  gives  the  boys  more  money  than  they  know  how  to  spend 
properly.  Contrast  this  with  the  conditions  surrounding  the  entry  of  the 
Scottish  youths  into  the  coal  mines.  They  receive  a  mere  pittance  for 
helping  their  fathers  or  older  brothers,  but  into  their  minds  is  inculcated 
every  principle  of  coal  mining,  including  how  to  take  care  of  themselves. 

3.  In  British  Columbia,  a  man  must  pass  an  examination  before  he 
can  work  as  a  miner  and  receive  first-class  miners'  wages;  this  is  essen- 
tially the  apprentice  system  applied  underground. 

4.  Probably  the  most  effective  way  to  train  men  and  get  immediate 
results  is  through  the  foreman  and  any  way  of  increasing  his  knowledge 
or  his  ability  to  impart  it  is  a  step  in  the  right  direction.  The  require- 
ments of  examining  boards  have  undoubtedly  given  us  a  better  class  of 
men  in  these  positions  but  it  would  be  still  better  if  applicants  for  mine 
foremen  were  required  to  spend  a  certain  time  in  a  school  of  instruction. 
In  metal  mines  there  are  no  requirements  for  foreman,  at  least  in  most 
states,  with  the  result  that  many  of  the  smaller  mines  are  handled  by 
men  who  know  little  about  metal  mining. 

The  writer  is  familiar  with  three  instances  of  foreman  training  in 
mines  that,  apparently,  were  very  successful.  Two  of  these,  one  at  the 
mines  of  the  North  Butte  Mining  Co.,  and  the  other  at  the  Copper  Queen 
branch  of  the  Phelps  Dodge  Corpn.  at  Bisbee,  have  been  described;  the 
third  was  conducted  at  one  of  the  coal  mines  of  Utah,  The  methods  at 
these  mines  differed  largely  but  they  produced  more  efficient  foremen 
and  other  bosses. 

One  objection  to  any  method  whereby  the  state  demands  a  stricter 
examination  of  a  foreman  or  of  a  miner  is  that  most  of  those  in  the 
operating  end  of  the  industry  are  claiming  that  the  state  already  exerts 
too  paternalistic  an  influence  and  there  should  be  less  interference  rather 
than  more,  but  if  they  desire  to  avoid  state  interference,  they  must  them- 
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selves  take  the  necessary  steps  to  overcome  the  present  conditions,  and 
there  is  no  doubt  they  can  do  it,  as  well  as  the  state,  if  they  will. 

Labor  unions  also  have  their  part  to  play.  They  must  not  demand 
that  because  a  man  holds  a  certain  card,  he  must  receive  the  same  wages 
as  all  others  holding  the  same  card.  A  man's  wages  must  be  based 
on  his  training  and  ability  and  that  training  should  include  the  proper 
knowledge  of  how  to  protect  himself  from  injury.  Self  protection  is  the 
first  law  of  nature,  and  it  should  not  require  a  special  campaign  to  make 
men  obey  that  law. 

In  conclusion,  I  might  reiterate  that  while  we  have  made  some  pro- 
gress in  accident  prevention,  the  results  have  not  been  what  they  should, 
and  will  never  be  until  we  more  properly  train  the  workmen;  and  this 
training  should  take  the  form  of  making  men  more  thorough,  more  effi- 
cient, more  proud  of  their  work;  then  they  will  be  more  careful.  I 
have  tried  to  indicate  some  of  the  ways  in  which  men  can  be  trained,  but 
whatever  the  method,  the  outstanding  fact  is,  we  must  have  more  trained 
men  in  and  around  our  mines. 
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Coal-mine  Ventilation 

By  Joseph  J.  Walsh,*  Xanticoke,  Pa. 

(New  York  Meeting,  February,  1923) 

Ventilation  within  a  coal  mine  is  essential  to  the  welfare  of  those 
employed  therein,  from  the  standpoint  of  health,  safety,  and  efficiency. 
While  the  saving  of  Hfe  and  the  preserving  of  health  are  the  chief  reasons 
for  ventilation,  efficiency  and  production  are  increased. 

In  spite  of  the  fact  that  we  speak  of  air  as  having  a  certain  com- 
position, the  proportions  of  oxygen,  nitrogen,  and  carbon  dioxide  are 
not  fixed,  but  vary  between  small  limits.  The  different  elements  are 
not  chemically  united,  they  are  merely  mixed  and  each  is  free  and  can  be 
separated  with  little  energy.  For  this  reason  air  in  the  mine  workings 
is  seldom  found  in  a  pure  state. 

Factors  that  necessitate  ventilation  in  coal  mines  are  those  that 
change  the  composition  of  pure  air.  Contamination  of  mine  air  results 
from  the  burning  of  oil-fed  flames,  the  use  of  explosives,  the  oxidation 
of  coal,  and  the  liberation  of  gases  by  the  coal.  The  extent  to  which 
these  factors  exist  governs  the  size  and  general  plan  of  the  ventilating 
appliances  required.  An  efficient  ventilating  system  is  one  that  will 
furnish  air  at  the  working  faces  in  sufficient  volume  to  dilute  and  render 
harmless  noxious  gases  and  at  the  same  time  maintain  an  oxygen  content 
closely  approaching  that  of  pure  air.  In.  a  well-ventilated  mine,  the  oxy- 
gen seldom  falls  more  than  0.5  per  cent,  below  normal. 

The  carbon-dioxide  content  of  the  air  in  the  average  coal  mine  will 
vary  from  0.1  to  about  0.8  per  cent.,  which  amounts  are  not  harmful. 
Three  per  cent,  of  carbon  dioxide  in  air  doubles  the  frequency  and  the 
depth  of  breathing;  it  is  plainly  noticeable  and  if  breathed  continuously 
for  several  hours  its  effect  would  probably  be  harmful.  Slight  reductions 
in  the  oxygen  content  of  the  air,  such  as  occur  in  well-ventilated  mines, 
have  no  debilitating  effect  on  the  worker.  A  person  not  exerting  himself 
would  fail  to  observe  any  unusual  physical  effect  in  an  atmosphere 
containing  17  per  cent,  of  oxygen.  This  condition,  however,  or  even  a 
condition  showing  an  oxygen  content  below  20  per  cent.,  would  indicate 
poor  ventilation  and  that  the  elements  which  tend  to  reduce  the  efficiency 
of  the  worker  are  present,  namely  water  vapor  and  a  high  wet-bulb 
temperature. 

*  Mine  Inspector,  14th  Anthracite  District. 
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The  wet-bulb  temperature  of  the  mine  air  controls  almost  entirely  the 
physical  condition  of  the  human  body  and  is  the  principal  determining 
factor  of  the  efficiency  of  the  workman. 

The  temperature  of  the  human  body  is  about  98°  F.,  and  to  be  in  a 
proper  physical  condition  this  temperature  must  be  kept  constant  within 
small  limits.  This  bodily  state  is  controlled  by  certain  organs,  by  means 
of  which  the  bodily  heat  is  expelled,  aided  principally  by  radiation  and 
evaporation.  At  high  temperatures,  the  cooling  effect  produced  by 
radiation  is  not  sufficient  for  the  needs  of  the  body,  in  which  case  the 
burden  is  shifted  to  evaporation.  If  the  relative  humidity  is  100  per 
cent.,  or  nearly  so,  there  will  be  Httle  or  no  evaporation;  consequently  no 
cooHng  effect  will  be  obtained  from  this  som-ce  and  the  physical  condition 
and  the  efficiency  of  the  worker  will  be  reduced.  The  only  practical 
remedy  for  a  condition  of  this  kind  is  found  in  increasing  the  velocity  of 
the  air. 

For  the  purpose  of  determining  the  extent  to  which  the  efficiency  of  a 
man  is  reduced  by  reason  of  a  high  wet-bulb  temperature,  the  data  given 
in  Table  1  were  collected  by  the  writer.  Table  2  shows  the  extent  to 
which  production  was  increased  by  increasing  the  velocity  of  the  air  in 
certain  mines.  Before  the  ventilation  system  was  improved,  the  velocity 
of  the  air  current  was  not  sufficient  to  turn  the  anemometer;  after  the 
changes  were  made,  the  velocity  was  from  100  to  150  ft.  per  min.  The 
principal  retarding  element  in  the  way  of  efficiency  appears  to  be 
the   high  wet-bulb  temperature. 

Before  Improving  Ventilation  After  Improving  Ventilation 

Mine  N^o.  1 

Carbon  dioxide,  per  cent 0 .  50  Carbon  dioxide,  per  cent ....     0 .  32 

Oxygen,  per  cent 20.23  Oxygen,  per  cent 20.46 

Nitrogen,  per  cent 79.27  Nitrogen,  per  cent 79.22 

Dry-bulb  temperature 68.0°  F.  Dry-bulb  temperature 69.0°  F. 

Wet-bulb  temperature 65.0°  F.  Wet-bulb  temperature 60.0°  F. 

Velocity poor  Velocity fair 

Humidity,  per  cent 86.0  Humidity,  per  cent 60.0 

Pounds  of  vapor  per  1,000  cu.  Pounds  of  vapor  per  1,000  cu. 

ft.  of  mixture 0.926  ft.  of  mixture 0.667 

Dew  point 63.5°  F.  Dew  point 54.3°  F. 

Mine  No.  2 

Carbon  dioxide,  per  cent 0.34  Carbon  dioxide,  per  cent.    .  .     0. 15 

Oxygen,  per  cent 20.42  Oxygen,  per  cent 20.60 

Nitrogen,  per  cent 79.24  Nitrogen,  per  cent 79.25 

Dry-bulb  temperature 68.0°  F.  Dry-bulb  temperature 59.0°  F. 

Wet-bulb  temperature 67.0°  F.  Wet-bulb  temperature 57.0°  F. 

Velocity poor  Velocity good 

Humidity,  per  cent 95 . 0  Humidity,  per  cent 89 . 0 

Pounds  of  vapor  per  1,000  cu.  Pounds  of  vapor  per  1,000  cu. 

ft.  of  mixture 1 .023  ft.  of  mixture 0. 713 

Dew  point 66.6°  F.  Dew  point 55.7°  F. 
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Mine  No.  3 

Carbon  dioxide,  percent 0.37  Carbon  dioxide,  per  cent.  ...     0.22 

Oxygen,  per  cent 20.36  Oxygen,  per  cent 20.54 

Nitrogen,  per  cent 79 .  27  Nitrogen,  per  cent 79 .  24 

Dry-bulb  temperature 69.0°  F.  Dry-bulb  temperature 68.0°  F. 

Wet-bulb  temperature 66 . 0°  F.  Wet-bulb  temperature 61 . 0°  F. 

Velocity poor  Velocity fair 

Humidity,  per  cent 85.0  Humidity,  per  cent 67.0 

Pounds  of  vapor  per  1,000  cu.  Pounds  of  vapor  per  1,000  cu. 

ft.  of  mixture 0.945  ft.  of  mixture 0.721 

Dew  point 64 . 5°  F.  Dew  point 56 . 7"  F. 

When  one  considers  the  conditions  making  it  necessary  to  ventilate  a 
mine  and  that  the  weight  of  the  air  passing  through  a  large  mine  in  a  year 
will  exceed  six  million  tons,  the  necessity  for  the  proper  construction  of 
the  airways  and  for  a  correctly  proportioned  fan  is  apparent.  The  fans 
used  in  the  anthracite  field  of  Pennsylvania  vary  in  size  from  3  to  35  ft. ; 
they  are  operated  by  engines  ranging  from  20  to  250  hp.,  and  generate 
water-gage  pressures  from  0.5  to  5  inches. 

The  most  economical  practice  is  to  have  the  fans  operate  on  independ- 
ent intake  and  return  airways.  Where  two  or  more  fans  operate  on  the 
same  intake  and  return,  the  benefit  obtained  in  air  volume  does  not  war- 
rant the  cost  of  erecting  the  additional  fan.  The  volume  of  air  that  will 
flow  through  the  mine  depends  on  the  difference  in  pressure  between  the 
intake  and  return  airways.  If  an  exhaust  fan,  the  dimensions  of  which 
are  within  practical  limits,  operating  on  a  mine  and  producing  a  water- 
gage  pressure  of  2  in.  cannot  furnish  sufficient  air,  a  second  fan  placed  at 
the  top  of  the  same  upcast  and  operated  under  equal  pressure  will  not 
by  any  means  double  the  quantity  of  air.  Both  fans  operating  together 
(exhausting),  each  producing  a  2-in.  pressure,  wiU  not  create  a  greater 
difference  in  pressure  between  the  intake  and  return  airways  than  is 
created  by  one  fan  operating  alone.  In  fact,  if  the  rim  speeds  of  the  fans 
are  not  equal  the  volume  of  air  may  be  reduced.  We  may  go  still  further 
and  say  that  it  is  possible,  even  in  practice,  for  the  rim  speeds  of  the  fans 
to  be  such  that  one  will  receive  some  of  its  air  supply  through  the  chimney 
of  the  other. 

Booster  fans  are  usually  located  underground  between  the  intake  and 
return,  or  at  any  point  in  the  intake  or  return,  to  help  along  a  feeble  air 
current.  Conditions  requiring  their  use  in  mines  exist  where  the  move- 
ment of  the  air  is  broadcast,  and  where  much  of  the  air  produced  by  the 
surface  fan  is  lost  by  leakage.  A  booster  fan  placed  in  a  mine  to  assist  a 
fan  located  on  the  surface .  will  not  increase  the  total  volume  of  air  passing 
through  the  mine  to  any  appreciable  extent,  unless  it  is  more  powerful 
and  generates  a  greater  pressure  than  that  generated  by  the  surface 
fan;  neither  will  it  be  of  any  local  value  unless  it  generates  a  pressure 
greater  than  that  existing  at  the  point  of  installation. 
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Fails  placed  in  tandem,  one  at  the  top  of  the  upcast  shaft  (exhausting) 
and  the  other  at  the  top  of  the  downcast  shaft  (blowing)  are  of  little 
value  to  each  other.  Assuming  that  an  exhaust  fan  is  producing  a  2-inch 
pressure,  if  a  force  fan  is  placed  at  the  top  of  the  downcast  shaft  and 
run  at  a  speed  sufficient  to  generate  an  equal  pressure  it  is  only  capable 
of  producing  a  velocity  in  the  downcast  shaft  slightly  greater  than  that 
produced  by  the  exhaust  fan  working  alone.  If  the  rim  speed  of  the 
blowing  fan  is  increased  until  the  water-gage  reading  is  3  in.,  while  the 
exhaust  fan  remains  the  same,  the  velocity  of  the  air  will  be  increased. 
This  increase  is  maintained  entirely  by  the  blowing  fan,  because  the 
velocity  in  the  air  is  greater  than  that  which  the  exhaust  fan  with  its 
2-in.  pressure  is  capable  of  producing. 

The  belief  is  quite  general  that  two  fans  working  in  tandem  or  two 
fans  exhausting  at  the  top  of  the  same  upcast,  each  generating  the  same 
water  gage,  will  deUver  twice  as  much  air  as  one  of  them  working  alone; 
this  however,  is  not  true.  In  order  to  double  the  quantity  of  air  flowing 
through  the  same  intake  and  return,  the  pressure  must  be  increased  four 
times  and  the  horsepower  eight  times. 

The  volume  of  air  flowing  through  a  mine  can  be  doubled,  however,  by 
the  application  of  twice  the  horsepower  if  the  ventilating  units  are  inde- 
pendent of  each  other;  that  is  by  the  installation  of  two  fans,  each  having 
its  own  intake  and  return, 

DISCUSSION 

W.  B.  Daly,*  Butte,  Mont. — Were  any  tests  made  or  any  measure- 
ments taken  before  the  installation  of  the  second  fan? 

J.  J.  Walsh. — They  were  installed  many  years  ago;  I  think  the  onl}- 
purpose  was  to  get  a  larger  volume  of  air. 

W.  B.  Daly. — We  had  almost  100  per  cent,  success  in  determining 
our  requirements  before  purchasing  our  fans;  in  only  one  case  in  over 
forty  did  we  fail,  and  that  was  only  by  10,000  cu.  ft.  We  do  not  make 
an  installation  until  we  know  our  requirements. 

J.J.  Walsh. — Many  fans  have  been  installed  at  mines  in  the  anthra- 
cite field,  few  of  which  produced  the  quantity  of  air  guaranteed  by  the 
manufacturer.  The  fault,  however,  is  not  alwaj^s  with  the  manufac- 
turer; in  the  proportioning  of  a  fan  he  is  guided  by  certain  information 
furnished  by  the  mine  operator.  In  order  to  proportion  a  fan  correctly, 
it  must  be  first  known  what  water  gage  will  be  required  to  force  the  desired 
volume  of  air  through  the  mine.     I  fear  many  operators  do  not  give  this 


*  Assistant  Manager  of  Mines,  Anaconda  Copper  Mining  (^o. 
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factor  sufficient  attention  when  ordering  a  ventilating  fan,  and,   as   a 
result,  most  fans  do  not  come  up  to  the  specifications. 

W.  B.  Daly. — We  have  found  that  all  of  the  fans  have  come  up  to  the 
guarantee  of  the  manufacturers,  allowing,  of  course,  the  loss  for  elevation. 

J.  J.  Walsh. — Then  you  must  have  furnished  the  correct  water  gage. 
W.  B.  Daly.— Oh,  yes. 

R.  R.  Sayers,*  Washington,  D.  C. — The  deficiency  of  oxygen  and  the 
increase  in  carbon  dioxide  must  be  considered  with  the  temperature, 
humidity,  and  air  movement;  they  cannot  be  separated  from  these  fac- 
tors. Only  \'2  per  cent,  of  CO2  in  any  of  the  cases  would  give  a  shght 
increase  in  lung  ventilation;  2  per  cent,  of  CO2  in  air  would  give  50  per 
cent,  increased  lung  ventilation,  which  would  cause  a  more  rapid  fatigue 
of  the  man,  especially  if  there  were  no  air  movement  at  that  time  and  if 
there  were  oxygen  deficiency. 

H.  H.  STOEK,t  Urbana,  111. — Some  of  us  who  are  trying  to  investigate 
ventilation  from  the  laboratory  side  would  like  to  know  what  can  be 
done  in  the  laboratory  that  will  be  useful  in  connection  with  the  whole 
problem  of  ventilation. 

George  S.  Rice,  J  Washington,  D.  C. — We  are  continuing  work 
similar  to  that  conducted  for  the  New  York-New  Jersey  Vehicular 
Tunnel  Commission  and  are  trying  to  determine  the  coefficients  of  fric- 
tion of  air  currents  on  mine  surfaces  and  loss  of  head  in  turns,  etc.  We 
have  installed  apparatus  of  precision  in  the  experimental  mine  near 
Pittsburgh  for  this  purpose  and  the  investigations  are  under  way.  I 
was  greatly  impressed,  when  I  visited  the  different  wind  tunnels  of  the 
Bureau  of  Standards  and  the  Navy,  to  find  what  effect  the  various  kinds 
of  obstacles  have  on  the  flow  of  air  and  the  importance  of  using  stream- 
line cross-sections  for  any  necessary  obstructions  to  the  flow  of  air.  For 
example,  the  obstructive  effect  of  a  round  rod  to  flow  of  air  is  four  times 
that  of  a  stream-line  section  of  the  same  cross-sectional  area. 

So  far,  only  a  measuring  station  has  been  installed,  but  with  the  help  of 
Professor  Willard,  of  the  University  of  Ilhnois,  and  Doctor  Briggs,  of 
the  Bureau  of  Standards,  we  hope  to  standardize  methods  and  apparatus 
for  the  determination  of  the  coefficients  of  friction,  so  that  we  may  have 
comparable  results  when  engineers  carrying  out  tests  in  mines  in  the 
different  parts  of  the  country  secure  data  on  ventilation. 

*  Chief  Surgeon,  U.  S.  Bureau  of  Mines, 
t  Professor,  Mining  Engineering,  University  of  Illinois. 
X  Chief  Mining  Engineer,  U.  S.  Bureau  of  Mines. 
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James  W.  Paul,*  Pittsburgh,  Pa. — So  far  we  have  utilized  only  the 
measuring  station  used  in  the  tests  made  for  the  Hudson  River  tunnel 
and  have  found  it  necessary  to  make  some  alterations  in  order  to  get  as 
nearly  as  possible  a  straight  flow  of  air.  It  is  difficult  to  secure  a  straight 
flow  of  air  in  any  kind  of  conduit  even  though  it  is  uniform  in  cross-section 
and  of  very  smooth  surface.  To  secure  this  straight  flow  of  air,  we  are 
instalhng,  throughout  the  entire  cross-section  of  the  mine  at  one  point,  a 
honeycomb  consisting  of  180  galvanized  iron  tubes  4  in.  in  diameter  by 
15  in.  long.  It  is  necessary  to  secure  a  straight  flow  of  air  to  measure 
the  static  head  at  the  measuring  station.  Mining  men  usually  speak  of 
the  water  gage  as  1  in.,  3--^  in.,  or  3^:^  in.,  but  seldom  less  than  3^^  in.  In 
our  investigations  we  are  reading  pressures  and  velocity  measurements 
down  to  0.0001  in.  by  the  use  of  a  specially  designed  static  velocity  pres- 
sure gage  known  as  the  Wahlen  gage. 

D.  Harrington,  t  Denver,  Colo. — Physiologists,  in  general,  say 
that  small  quantities  of  CO 2  are  not  particularly  harmful  and  physio- 
logical effects  are  not  easily  ascertained.  I  disagree  with  that.  When 
the  temperature  runs  above  80°  or  90°  and  the  humidity  is  high,  or,  in 
other  words,  when  the  wet-bulb  is  high,  small  quantities  of  CO2  are  harm- 
ful and  manifest  themselves  rapidly.  The  effectiveness  of  the  movement 
of  air  was  proved  in  an  experiment  carried  out  in  South  Africa.  Some 
natives  were  put  to  work  in  a  temperature  of  88°  in  absolutely  still  air. 
A  fan  was  started  which  merely  moved  the  air  without  changing 
temperature  or  humidity  and  the  men  increased  the  amount  of  work 
nearly  45  per  cent.,  though  they  did  not  know  that  they  were  doing  so. 

T.  D.  Thomas, t  Lansford,  Pa.  (written  discussion). — While  the  ven- 
tilation of  mines  is  becoming  more  difficult,  ventilation  methods  have 
improved  as  the  mines  have  been  enlarged  and  sunk  to  greater  depth. 
It  seems  but  a  short  time  since  Pennsylvania  passed  a  law  requiring  all 
mines  to  have  a  double-entry  system ;  now  mines  have  four  and  five  parallel 
entries  on  the  main  haulage  system  and  three  parallel  butt  entries.  After 
the  instaUation  of  modern  haulage  systems,  it  was  noted  that  the  ventila- 
tion was  considerably  affected.  When  the  locomotives  were  entering  the 
mine,  the  air  circulation  was  increased;  and  it  was  decreased  by  the  out- 
going trip,  with  the  added  danger  that  the  air  might  be  reversed.  This 
condition  was  overcome  by  driving  additional  airways.  The  three-entry 
system  on  the  butts  has  shown  all  the  advantages  claimed  for  it.  The 
modern  mine  is  developed  on  a  retreating  plan,  that  is,  no  breasts  or 
-^hutes  are  turned  off  until  the  entry  is  up  to  the  boundary,  so  the  air 

*  U.  S.  Bureau  of  Mines. 

t  Supervising  Mining  Engineer,  U.  S.  Bureau  of  Mines. 

t  Company  Mine  Inspector,  Lehigh  Coal  and  Navigation  Co. 
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enters  on  the  first  and  third  entries  and  returns  on  the  middle.  It  then 
enters  the  return  airway,  which  carries  the  fumes  and  gases  away  from 
the  men  and  assures  a  current  of  air  not  low  in  oxygen  and  containing 
but  a  small  percentage  of  noxious  gases. 

In  the  steep  pitching  veins  of  the  anthracite  region,  which  are  usually 
very  gassy,  improved  methods  have  been  adopted.  For  instance,  in 
working  the  Mammoth  vein,  which  has  a  thickness  of  50  ft.,  the  gangway 
is  driven  in  the  Skidmore.  A  return  air  course  is  driven  in  the  Skidmore 
and  cross-cuts  are  driven,  not  to  exceed  a  distance  of  60  ft.  on  the  pitch  of 
the  strata,  the  pitch  varying  from  27°  to  80° ;  on  the  opposite  side  of  the 
gangway  (Skidmore)  chutes  are  driven  through  the  rock  between  the  Skid- 
more and  the  Mammoth  veins,  which  intercept  the  coal  immediately 
beneath  the  Mammoth.  Slant  chutes  are  driven  parallel  to  the  gangway, 
apexing  every  60  ft.,  thus  forming  the  third  airway.  The  airways  are 
about  25  ft.  above  and  30  ft.  north  and  south  of  the  main  intake  gang- 
way and  are  connected  by  driving  a  rock  chute  at  every  fourth  cross-cut. 
This  forms  an  over  cast  and  allows  four  breasts  on  a  spHt  on  which  eight 
miners  are  working. 

Fan  manufacturers,  also,  have  improved  their  product.  Not  many 
years  ago  large  fans  were  being  installed,  many  of  which  had  a  volumetric 
capacity  of  only  65  to  80  per  cent. ;  today  fans  having  volumetric  capacities 
of  137  to  160  per  cent,  are  manufactured.  Fans  are  now  being  built  to 
meet  the  conditions,  and  their  orifice  conforms  with  the  mine  orifice. 
In  some  cases  16-ft.  fans  have  been  replaced  with  8-ft.  fans  that  deHver 
twice  the  quantity  of  air  with  the  same  power  consumption. 

At  least  80  per  cent,  of  the  air  should  reach  the  last  cross-cut;  to 
insure  this  there  must  be  the  minimum  amount  of  leakage  at  the  brattices. 
The  effect  of  defective  stoppings  is  easily  shown.  Suppose  that  a  fan 
delivers  200,000  cu.  ft.  of  air  but  that  only  40  per  cent,  reaches  the  working 
places;  if  the  defective  stoppings  are  made  air-tight,  and  80  per  cent,  of 
the  air  reaches  the  working  places,  only  100,000  cu.  ft.  of  air  will  be 
required,  reducing  materially  the  power  consumed. 

Auxihary  fans,  better  known  as  booster  fans,  are  probably  misused  more 
than  any  other  unit  about  the  mines.  They  are  often  placed  in  gangways 
where  no  provision  has  been  made  for  an  outlet  of  the  air;  there  will  be 
some  movement  of  the  air  until  the  pressure  in  that  section  equals  the 
pressure  the  fan  is  capable  of  producing,  after  which  the  air  will  only  be 
churned.  Auxihary  fans  are  very  useful  when  the  requirements  of  the 
district  to  be  ventilated  are  known  and  a  fan  of  proper  dimensions  is 
installed  to  meet  the  requirements.  The  disk-type  have  been  installed 
as  booster  fans  where  the  water  gage  was  too  high,  and  were  useless 
therefore;  a  centrifugal  fan  of  proper  dimensions  would  have  given 
satisfactory  results. 

In  one  case,  after  a  25-hp.  conoidal  fan  had  been  installed,  the  supply 
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of  air  was  increased  from  940-1040  cu.  ft.  per  min.  to  11,230  cu.  ft.  at 
the  last  cross-cut  and  about  6000  cu.  ft.  was  used  for  ventilating  a  few 
breasts.  Sixty-three  breasts  were  turned  off  this  gangway,  which  was 
3500  ft.  long.  Had  this  air  been  supplied  by  the  main  fan,  it  would  have 
been  necessary  to  reduce  the  size  of  regulators  in  the  other  gangwaj'^s, 
thus  increasing  the  water  gage  to  3.8  in.,  with  a  corresponding  increase 
in  power  consumption. 

J.  J.  Walsh  (author's  reply  to  discussion). — The  statement  "The 
volume  of  air  flowing  through  a  mine  can  be  doubled,  however,  by  the 
application  of  twice  the  horsepower  if  the  ventilating  units  are  independ- 
ent of  each  other;  that  is  by  the  installation  of  two  fans,  each  ha\dng  its 
own  intake  and  return  "  is  not  intended  to  convey  the  impression  that  this 
is  the  most  practical  way  to  increase  the  volume  of  air  in  a  coal  mine; 
nor  is  it  intended  to  infer  that  the  layout  of  every  mine  will  permit  its 
air  to  be  doubled  by  the  installation  of  fans  in  that  manner.  Such 
deductions  would  be  erroneous. 

The  most  economical  means  by  which  the  volume  of  air  can  be 
increased  in  a  mine  is  by  splitting.  Were  it  not  for  the  crowding  of  all 
the  air  through  the  main  intake  and  return  airways  for  short  distances,  the 
volume  of  air  produced,  when  the  power  remains  constant,  would  be 
always  proportional  to  the  number  of  splits.  In  other  words,  we  would 
obtain  double  the  quantity  of  air  with  the  same  power  by  doubling  the 
number  of  splits. 
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Metal-mine  Ventilation  in  the  Southwest 

By  Chas.  a.  Mitke,  Bisbee,  Ariz. 

(San  Francisco  Meeting,  September,  1922) 

In  the  Southwest,  mechanical  ventilation  of  metal  mines  has  been 
receiving  consideration  for  many  years.  The  United  Verde  Copper  Co., 
in  Jerome,  has  used  large  mine  fans  for  ventilation  and  fire-fighting 
purposes  for  at  least  15  years,  while  the  Copper  Queen  Branch  of  the 
Phelps  Dodge  Corpn.  commenced  instalHng  mechanical  ventilation  in  its 
various  divisions  10  years  ago.^  Since  then,  with  few  exceptions,  every 
large  mine  in  this  part  of  the  country  has  installed  and  put  in  operation  a 
mechanical  ventilating  system.  The  properties  of  some  of  these  com- 
panies consist  of  from  two  to  six  divisions,  or  separate  mines,  each  of  which 
requires  an  independent  ventilating  system. 

In  other  words,  thirteen  copper  mining  companies,  with  an  aggregate 
tonnage,  when  operating  at  capacity,  of  approximately  50,000  tons  a  daj^ 
have  installed  mechanical  ventilating  systems  in  their  mines.  All  these 
mines  are  within  a  radius  of  approximately  200  miles,  which  constitutes 
the  largest  copper-producing  area  in  the  world. 

The  capacities  of  mechanical  ventilating  installations  in  these  mines 
range  from  100,000  to  300,000  cu.  ft.  of  air  per  minute,  depending  on  the 
size  of  the  mine,  character  of  the  workings,  tonnage  produced,  etc.  The 
latter  varies  from  300  to  20,000  tons  per  day.  The  mines  include  both 
high-  and  low-grade  deposits,  the  greatest  depth  of  the  former,  at  present, 
being  approximately  2500  ft. ;  and  of  the  latter,  1200  ft.  The  volumes  of 
air  at  present  being  coursed  through  the  mines  are  from  60,000  up  to 
225,000  cu.  ft.  of  air  per  minute,which,  in  their  relation  to  the  underground 
working  force,  range  from  200  to  800  cu.  ft.  of  air  per  man,  per  minute. 
While  not  to  be  taken  as  criteria,  these  figures  are  indicative  of  the 
character  of  the  ventilation  furnished. 

'  Chas.  A.  Mitke:  Ventilation  of  Copper  Queen  Mines,  Trans.  (1915)  62,  508. 


378  METAL-MINE  VENTILATION   IN  THE    SOUTHWEST 

The  operators  in  the  Southwest  have  long  realized  that  eflficient 
ventilation  goes  hand  in  hand  with  low  operating  costs,  principally 
through  the  large  saving  effected  in  the  use  of  compressed  air  and  the 
higher  efficiency  displayed  by  the  men.  High  efficiency  depends,  to  a 
large  extent,  on  the  providing  of  comfortable  and  cool  workings,  and  the 
rapid  removal  of  blasting  smoke,  gas,  and  fine  dust,  which  ultimately 
results  in  the  lessening  of  fatigue  and  a  general  improvement  in  the  health 
of  the  workers.  While  many  improvements  have  been  effected  along  the 
lines  of  ventilation,  much  remains  to  be  accompUshed,  such  as  the  judici- 
ous application  of  additional  water  for  laying  dust,  and  the  enlarging  of 
volumes  of  intake  air,  in  order  to  increase  air  movement  in  all  working 
places,  and  thus  intensify  the  ventilation  for  the  more  rapid  removal  of 
blasting  smoke  and  fine  dust. 

Ventilation  in  General 

Every  large  mine  is  ventilated  by  a  primary  and  secondary  ventilating 
system.  By  the  'primary  ventilating  system  is  meant  the  use  of  a  limited 
number  of  large  units,  advantageously  located,  to  ventilate  as  large  an 
area  of  the  mine  as  possible.  This  should  approximate  70  to  100  per  cent, 
of  the  mine  workings.  The  air,  in  many  cases,  is  drawn  down  through 
large  concrete  shafts,  which  constitute  the  main  intakes,  and  are  fireproof 
and  have  a  smooth  surface. 

The  secondary  ventilating  system,  consisting  of  compressed-air  jets, 
booster  fans,  and  small  portable  blowers  with  ventilating  pipe  (some  of 
which  are  mounted  on  trucks),  is  not  brought  into  use  until  all  the 
possibilities  of  the  primary  system  have  been  entirely  exhausted. 

The  most  economical  method  is  to  ventilate  as  much  of  the  mine  as 
possible  by  the  primary  system;  this  requires  careful  coursing  of  the  air 
and  thorough  distribution,  taking  the  mine  in  sections,  if  possible,  so  as 
to  ventilate  each  section  with  fresh  air.  In  exceptional  cases,  where  the 
mines  consist  of  only  one  large  orebody,  or  unit,  and  where,  because  of 
broken  ground,  it  is  not  feasible  to  set  arbitrary  boundaries,  the  ven- 
tilation is  adj  usted  according  to  the  individual  problem.  Booster  installa- 
tions and  small  blowers  are  only  used  for  raises,  long  drifts,  and  remote 
stoping  sections.  Only  a  comparatively  small  number  of  these  auxiUary, 
or  secondar}',  units  have  been  found  necessary. 

In  planning  ventilating  systems  for  mines  in  the  Southwest,  the 
principle  of  providing  adequate  air  movement  at  all  working  faces  has 
been  closely  followed.  While  of  the  utmost  importance  for  efficient 
ventilation,  this  principle  is  not  new,  as  the  value  of  air  movement  has 
long  been  recognized  in  coal  mines  in  Europe  and  America.  The  true 
test  of  the  efficiency  of  a  ventilating  system  is  the  percentage  of  working 
places  (including  faces)  supplied  with  good  air  movement. 
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Ventilation  of  Deep  Mines  Containing  High-sulfide  Ores 

The  usual  problems  connected  with  the  ventilation  of  deep  mines 
include  the  removal  of  heat  produced  by  oxidation  of  timber,  the  regular 
heat  gradient  according  to  depth,  acid  waters,  heat  produced  by  electrical 
equipment,  etc.  In  the  southwest,  there  are  a  number  of  comparatively 
deep  mines  that  contain  orebodies  having  a  suKur  content  of  from 
10  to  45  per  cent.;  most  of  these  are  high-grade  mines.  At  times 
the  underground  temperatures  are  augmented  by  heat  produced  by 
friction  of  moving  ground  and  oxidation  of  the  sulfide  ore;  the  heat 
from  these  sources  may  be  very  much  greater  than  that  from  all  the  other 
causes  mentioned  combined.  In  orebodies  in  which  the  percentage 
of  sulfur  is  high  and  where  continuous  stoping  operations  are  carried 
on,  there  is  an  increase  in  the  quantity  of  heat,  year  by  year;  but  at  any 
time,  should  a  cave  take  place,  causing  a  large  movement  in  the  broken 
ore,  an  enormous  amount  of  heat  is  rapidly  produced,  which  may  result 
in  a  mine  fire. 

When  only  a  few  sets  are  opened  up  in  a  sulfide  stope  and  all  the 
surrounding  ground  is  intact,  the  stopes  are  usually  just  as  cool  as  those 
in  other  orebodies,  but  the  heat  becomes  very  noticeable  when  stoping 
operations  have  been  carried  to  a  point  where  the  ore  surrounding  the 
various  stoping  sections  begins  to  move  and  break. 

Ventilating  systems  for  mines  in  which  sulfide  orebodies  exist,  especially 
if  the  sulfide  is  comparatively  soft,  oxidizes  rapidly,  and  caves  readily 
when  stoped,  should  always  have  sufficient  capacity  to  remove  the  addi- 
tional heat  generated  from  this  source,  also  to  take  care  of  emergencies. 
By  such  provision,  mine  fires  may  be  averted  or  speedily  controlled. 
For  example,  at  the  Briggs  mine  of  the  Calumet  &  Arizona  Mining  Co., 
provision  was  made,  about  5  years  in  advance,  for  a  mechanical  ventila- 
ting system  capable  of  taking  care  of  emergencies  arising  from  causes 
similar  to  those  mentioned  above;  when  an  emergency  arose,  it  was  speed- 
ily and  efficiently  handled  by  the  organization  without  undue  loss  of  time 
or  a  prolonged  suspension  of  operations. 

Ventilation  of  Mines  Where  Caving  Systems  are  Employed 

During  recent  years,  the  introduction  of  the  caving  systems  has 
brought  new  problems  in  ventilation.  The  success  of  such  methods 
depends  largely  on  the  continuous  breaking  and  blasting  of  the  rock 
during  the  entire  shift;  the  passing  of  the  broken  rock  through  drawing- 
off  chutes,  or  grizzlies,  into  storage  chutes;  and  continuous  drawing  off 
beneath,  into  motor  cars.  When  it  is  considered  that  in  such  mines  shots 
are  fired  as  frequently  as  one  every  minute  (and  sometimes  oftener), 
also  that  every  shot  pulverizes  a  certain  amount  of  rock,  producing  a 
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large  quantity  of  very  fine  dust,  which  rises  simultaneously  and  moves 
with  the  powder  smoke,  the  necessity  for  a  most  efficient  ventilating 
system  becomes  evident. 

In  such  mines,  it  is  not  so  much  the  reduction  of  excessive  tempera- 
tures, or  high  relative  humidities,  as  it  is  the  removal  of  the  smoke  and 
gas  produced  by  blasting,  and  the  fine  dust  created  through  continuous 
mining  operations,  that  is  of  prime  importance.  Some  of  these  mines 
operate  three  shifts,  so  that  there  is  a  continuous  production  of  smoke, 
gas,  and  fine  dust  during  the  entire  24  hours.  To  prescribe  rules  for 
such  mines,  by  Umiting  blasting  to  certain  hours  at  the  termination  of  the 
shift,  would  destroy  the  efficiency  of  the  caving  systems. 

In  most  caving  systems,  because  of  undercutting,  the  ore  breaks  of  its 
own  weight  and  comes  down  through  raises  (incline  or  vertical)  driven 
for  the  purpose,  to  the  dra wing-off,  or  grizzly,  level.  Part  of  this  ore  is 
fine  enough  to  pass  directly  through  the  drawing-off  chutes,  or  grizzlies, 
into  storage  chutes,  but  many  boulders  entirely  too  large  to  pass  through 
also  come  down;  these  must  be  broken  before  more  ore  can  be  drawn. 
If  blasting  is  not  permitted  until  the  end  of  the  shift  and  this  rush  of 
boulders  occurs  early  in  the  morning,  operations  must  cease  until  the 
termination  of  the  day's  work,  or  the  miner  must  take  a  hammer  (for 
the  grizzly)  or  a  bar  (for  the  "hung  up"  chute)  and  break  the  rock  by 
hand.  All  this  hand  work  is  slow  and  expensive  and  would  result  in  a 
decided  reduction  of  the  daily  tonnage  per  man-shift.  The  moment  a 
large  boulder  appears  in  the  chute  or  on  the  grizzly,  the  most  efficient 
method  is  to  blast  the  rock  at  once  and  immediately  start  the  ore  moving 
again.  No  time  is  taken  to  drill  the  boulder,  powder  is  simply  laid  upon  it 
and  the  shot  fired. 

The  mines  in  which  caving  systems  are  employed  contain  orebodies, 
with  a  very  low  copper  content,  that  could  not  be  worked  at  a  profit 
by  other  methods;  it  is  only  by  using  the  caving  systems,  in  which  the 
ore  is  kept  continuously  moving  through  the  chutes,  with  large  tonnage 
production,  that  these  mines  have  made  their  well-known  successes.  The 
prohibiting  of  blasting,  except  at  the  termination  of  the  shift,  would 
hamper  operations,  thereby  greatly  reducing  the  efficiency  of  the  system, 
by  necessitating  the  return  to  hand  methods,  and  make  the  extraction  of 
this  ore  an  unprofitable  operation. 

In  order  to  remove  all  the  fine  dust,  smoke,  and  gas  within  a  few 
minutes  after  each  blast,  without  at  the  same  time  interfering  with  min- 
ing operations,  powerful,  flexible,  .ventilating  systems  have  been  worked 
out  and  installed,  and  are  being  improved  from  time  to  time.  In  some 
places,  the  exhaust  system  has  been  used;  in  others,  only  the  pressure 
system  is  practicable.  With  such  systems  it  has  been  found,  in  one 
mine,  that  blasting  smoke  is  dispersed  within  a  few  minutes  after  being 
formed;  and  with  almost  continuous  blasting  going  on  everywhere  on 
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the  grizzly  level  (approximately  2000  lb.  of  powder  being  used  per  day), 
the  air  in  this  mine  was  found  to  be  clear  practically  all  the  time,  except 
immediately  after  general  blasting,  which  occurred  twice  a  shift  (noon 
and  evening).  At  such  times,  smoke  was  present  not  over  10  min.  at  any 
one  point. 

In  mines  operated  by  the  caving  methods,  the  workings  do  not  have 
the  permanency  that  exists  in  higher  grade  mines  worked  by  square-set, 
or  cut-and-fill  methods.  The  fact  that  the  surface  is  constantly  moving 
and  that  a  certain  number  of  mine  openings  are  rapidly  being  caved  and 
closed  while  others  are  being  opened  up,  necessitates  a  most  flexible 
system  of  ventilation.  The  utilizing  of  incline  raises  for  ventilation, 
manways,  and  supply  raises  in  stopes,  as  well  as  for  the  drawing  of  ore, 
provides  a  most  economical  and  efficient  method  of  ventilating  the  work- 
ings. While  ore  is  being  passed  through  certain  raises,  others  remain 
open  for  ventilating  purposes,  and  vice  versa.  As  these  incline  raises 
are  caved  and  closed  by  stoping  operations,  additional  ones  are  driven 
in  the  development  work,  and  by  utilizing  these  the  ventilation  always 
keeps  abreast  of  the  stoping. 

Allaying  Rock  Dust 
Necessity  for  Preventing  Dust 

The  South  African  Miners'  Phthisis  Commission,  in  its  general  report, 
1916,  covering  the  subject  of  "siHcosis,"  or  "miners'  phthisis,"  caused  by 
the  inhalation  of  minute  particles  of  silica,  and  other  insoluble  dust,  in 
mine  air,  stated  that : 

"Dust  is  generated  in  mines  by  the  processes  of  drilling  and  blasting 
the  rock,  and  in  shoveling  and  transport  of  the  broken  ore. 

"The  finest  dust  is  produced  by  blasting;  over  99.5  per  cent,  of  the 
particles  are  below  12  microns  (1  micron  =  Hs.ooo  in.),  and  the  average 
diameter  of  these  is  under  2.5  microns.  The  dust  content  of  the  air  in  a 
development  drive  after  blasting  may  amount  to  over  500  mg.  per  cu. 
m.,  containing  in  that  volume  nearly  86,000  million  particles  of  a  diameter 
of  12  microns  and  downwards. 

"Drilling  by  machine  drills  without  the  proper  use  of  water  also 
produces  large  quantities  of  dust.  The  dust  content  in  the  air  of  a 
development  drive  when  drilHng  is  performed  dry  may  amount  to  from 
100  to  200  mg.  per  cu.  m.  This  is  much  less  than  the  quantity  formed  by 
blasting,  but  dust  from  drilling  is  produced  over  a  much  longer  period 
on  each  shift.  Dust  from  drilling  machines  is  rather  less  fine  than 
blasting  dust. 

"Shovehng,  transport,  and  loading  of  the  broken  rock  not  only  stir 
up  much  dust  which  has  already  settled,  but  are  themselves  a  source  of 
dust  production." 
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"The  committee  being  desirous  of  taking  immediate  steps  to  cope  with 
the  disease  (siHcosis)  was  confronted  with  the  difficulty  that  no  standard 
of  purity  with  regard  to  dust  existed  to  which  to  work.  In  order  to  assist 
in  arriving  at  such  a  standard,  tests  of  the  amount  and  the  character  of 
the  dust  in  the  street  air  of  Johannesburg  were  taken  as  affording  some 
basis  of  comparison.  The  question  arose  as  to  what  weight  per  cubic 
meter  (of  air)  could  be  considered  permissible,  and  as  this  was  more  or  less 
a  matter  of  conjecture,  the  committee  decided  for  the  time  being  to  adopt 
the  tentative  standard  of  5  mg.  of  dust  to  the  cubic  meter  of  air.  This 
figure  was  at  the  time  supposed  to  represent  the  average  amount  of 
siliceous  dust  under  70  microns  diameter  present  in  the  air  of  a  Johannes- 
burg street." 

Mine  air  was  therefore  sampled  by  the  sugar-tube  method  in  order  to 
ascertain  the  weight  of  injurious  dust  present. 

Investigations  of  medical  experts,  however,  showed  that  the  dangerous 
dust  contained  in  mine  air  is  composed  of  minute  insoluble  particles,  and 
that  those  that  injure  the  lungs,  frequently  resulting  in  silicosis,  were 
seldom  larger  than  12  microns  in  diameter,  and  most  of  them  less  than  1 
or  2  microns  in  size. 

It  was  further  stated  that "  In  mining,  it  is  not  the  coarse  particles,  but 
the  fine  impalpable  dust  which  is  the  source  of  danger,  and  which,  in 
consequence  of  the  arduous  nature  of  the  work  in  an  overheated  atmos- 
phere, is  drawn  by  the  miner  into  the  recesses  of  the  lungs,  owing  to  the 
deeper  breaths  he  is  obliged  to  take." 

According  to  the  report,  "the  whole  outlook  on  miners'  phthisis 
(and  incidentally  on  the  analytical  problems  connected  with  it)  was 
changed  by  the  discovery  of  the  almost  infinitesimal  minuteness  of  the 
silica  particles  retained  by  miners'  lungs.  It  became  obvious  that  the 
ordinary  gravimetric  determinations  of  the  total  dust  floating  in  the  air 
must  (whenever  large  particles  are  present)  lead  to  quite  false  ideas  as  to 
the  state  of  the  air,  since  for  example,  a  single  particle  of  100  microns 
(/^50  in-)  diameter,  weighs  as  much  as  125,000  particles  of  2  microns 
diameter.  It  thus  became  necessary  to  exclude  such  larger  particles 
from  all  samples  undergoing  gravimetric  determination,  although  previous 
to  1912  these  particles  would  have  been  considered  to  be  very  minute, 
invisible  as  they  are  to  the  naked  eye. 

"The  first  stage  in  the  exclusion  of  superfluous  particles  was  achieved 
by  means  of  gauze  screens,  particles  over  70  microns  in  diameter  being 
prevented  from  getting  into  the  sample  by  wire  gauze  of  200  meshes  to 
the  inch.  In  more  recent  investigations,  wire  gauze  of  260  mesh  was 
used,  excluding  'coarse'  particles,  viz.,  those  over  about  50  microns 
diameter.  Each  such  sample  was  thereafter  separated  by  sedimentation 
into  two  portions  containing  the  'fine'  and  'very  fine'  particles,  respec- 
tively, with  the  dividing  limit  of  about  12  microns,  and  each  portion  was 
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separately  determined  by  weight."  The  committee  considered  the 
lighter  portion,  with  particles  under  about  12  microns  in  diameter,  as 
very  fine  or  injurious  dust,  while  the  other  portion,  with  diameters  lying 
between  12  and  50  microns,  was  considered  non-injurious. 

"Concurrently  with  the  exclusion  of  the  larger  particles,  the  total 
weight  of  residual  'very  fine'  dust  became  naturally  very  much  smaller 
and  it  became  necessary  to  invent  more  refined  methods  of  sampling, 
so  as  to  deal  with  very  large  volumes  of  air,  and  thus  enable  an  accurately 
weighable  amount  of  this  'very  fine'  dust  to  be  caught.  In  this  connection 
it  should  be  noted  that  no  less  than  two  or  three  hundred  million  of  these 
'very  fine'  (say  2-micron)  particles  are  required  to  be  caught  to  give  a 
milligram  of  dust  by  weight." 

An  important  point  that  was  brought  out  by  the  investigations  was 
that  "as  a  measure  of  the  injurious  character  of  any  air  breathed  the 
number  of  particles  of  dust  per  cubic  meter  is  a  better  criterion  than  its 
weight."  Steps  were  therefore  taken  to  devise  a  simple  and  direct 
method  of  determining  the  number  of  particles  per  cubic  meter  of  air  in 
samples  without  recourse  to  the  comparatively  cumbersome  procedure  of 
collection  and  determination  formerly  used. 

Three  years  later,  in  its  1919  report,  the  Miners'  Phthisis  Committee 
recommended  a  tentative  numerical  standard  of  300  particles  per  cubic 
centimeter  of  air,  as  determined  bj^  the  "Konimeter,"  an  instrument 
devised  by  Doctor  Kotze,  Government  Mining  Engineer  of  the  Union 
of  South  Africa.  In  recommending  this  tentative  standard,  it  stated 
that  "A  recent  estimation  of  dust  in  the  lungs  of  a  person  who  had  died 
of  phthisis  showed  that  they  contain  about  13gm.  of  siliceous  dust,  consist- 
ing of  20  million  millions  particles.  If  a  man  at  work  breathes  1  cu.  ft. 
of  air  per  minute,  containing  300  particles  per  cubic  centimeter,  and  if 
they  were  assumed  to  be  all  siliceous,  and  if  he  works  300  days  of  8  hr. 
each  in  the  year,  it  would  take  him  16  years  to  inhale  the  13  gm.  men- 
tioned. As  the  lungs  are  normally  capable  of  dealing  with  some  of  the 
dust  entering  them,  and  as  all  the  dust  in  the  air  does  not  reach  the  lungs, 
it  is  obvious  that  the  period  is  much  longer  than  16  years.  If,  therefore, 
a  standard  of  300  particles  per  cubic  centimeter  be  adopted  as  the  upper 
limit  of  safe  working,  the  probability  is  that,  under  ordinary  circum- 
stances, the  conditions  will  be  such  as  to  approximate  to  an  amount 
of  dust  represented  by  half  this  number."  The  committee  reiterated  the 
opinion  expressed  in  its  1916  report  that  as  a  measure  of  the  injurious 
character  of  any  air  breathed,  the  number  of  particles  per  cubic  meter  is 
a  better  criterion  than  its  weight. 

As  a  result  of  samples  taken  with  both  the  Konimeter  and  the  sugar 
tube,  it  was  found  that  the  number  of  particles  per  cubic  centimeter  of 
air  corresponding  to  5  mg.  per  cubic  meter  (the  tentative  standard  put 
forward  in  the  committee's  report  of  1916)  varied  from  85  to  700.    It 
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was,  however,  believed  that  before  the  Konimeter  should  be  permitted  to 
supersede  the  sugar  tube  as  a  standard  method  of  sampling  dust  in  mine 
air,  further  experimentation  with  this  instrument  was  necessary;  the 
committee,  therefore,  advocated  the  use  of  the  gravimetric  method  com- 
bined with  a  numerical  count  of  the  particles,  as  determined  by  the  Koni- 
meter, as  affording  an  indication  of  the  dusty  nature  of  underground  air. 

Dust  Prevention  Methods  Used  in  Arizona 

In  1916,  efforts  were  being  made  to  solve  the  dust  problem  in  both 
high-  and  low-grade  mines  in  Arizona,  it  being  realized  that  for  such 
purposes  a  combination  of  ventilation  and  humidification  was  necessary, 
also  that  such  ventilation  must  be  far  more  intensive  than  the  volumes 
required  merely  for  the  reduction  of  the  ordinary  mine  temperatures  and 
relative  humidities.  One  of  the  problems  in  this  connection  was  the 
temperature  and  relative  humidity  of  surface  air.  In  these  copper- 
producing  districts,  the  surface  temperatures  range  from  approximately 
15°  F.  (in  the  winter)  to  120°  F.  (in  the  summer),  while  the  relative  humid- 
ity ranges  from  approximately  35  per  cent,  (in  winter)  to  10  per  cent, 
(in  summer),  with  the  exception  of  brief  periods  during  the  rainy  season. 
A  large  volume  of  air,  approximately  200,000  cu.  ft.  per  min.,  would 
therefore  have  a  very  drying  effect  upon  mine  workings,  thus  facilitating 
the  formation  of  dust. 

The  intake  air,  in  general,  is  through  large  concrete  shafts,  therefore 
very  little  dust  comes  from  this  source.  However,  between  the  shafts 
and  the  stopes,  there  are  frequently  tunnels  or  drifts  ranging  from  300  to 
4000  ft.  in  length,  which  become  thoroughly  dried,  and  the  ventilating 
currents  pick  up  the  fine  dust  and  carry  it  toward  the  stopes.  To 
maintain  the  purity  of  the  entering  air  currents  and  prevent  them  from 
taking  up  an  excessive  amount  of  dust,  humidification  is  necessary.  This 
is  obtained,  by  adding  moisture  to  the  entering  air,  either  by  means  of 
water  trickUng  down  the  sides  of  the  shafts  or  by  the  use  of  sprays  and 
other  devices,  commencing  at  the  intake  and  continuing  at  intervals 
throughout  the  workings. 

In  one  mine  shaft,  the  relative  humidity  of  the  air  was  raised  from  25 
per  cent.,  as  it  entered  at  surface,  to  85  per  cent.,  on  the  900-ft.  level, 
through  the  use  of  water  trickling  down  the  shaft.  In  some  cases,  how- 
ever, the  use  of  water  in  downcast  working  shafts  lowers  the  temperature 
of  the  entering  air  during  the  winter  season  to  such  a  degree  that  it  has 
an  injurious  effect  on  the  men  coming  from  the  warmer  stopes  out  into 
the  haulage  levels;  in  these  cases  other  means  of  humidification  must  be 
employed.  Sprays  and  atomizers  at  the  tipples  and  placed  at  reguhir 
intervals  in  long  drifts  and  tunnels  have  given  good  results.  One  objec- 
tion to  sprays  in  busy  haulage  tunnels  is  that,  no  matter  how  carefully 
the  sprays  may  be  installed,  there  is  a  slight  leakage  which,  in  the  case  of 
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a  smooth  tunnel  floor,  makes  the  track  slippery  and  endangers  men  who 
are  jumping  on  and  off  trains  to  throw  switches,  etc.  There  is  a  possi- 
bility that  this  can  be  overcome  by  the  use  of  slag  ballast — as  is  the 
practice  in  some  mines — which  should  also  assist  in  preventing  dust, 
already  settled,  from  rising  again,  but  how  much  the  slag  ballast  would 
slow  up  the  movements  of  the  men  is  as  yet  undetermined. 

If  general  humidification  of  the  mine  air  is  employed,  the  relative 
humidity  must  approximate  the  saturation  point  to  obtain  results; 
this  should  keep  the  sides  and  floors  of  tunnels  and  drifts  moist  and  pre- 
vent a  large  part  of  the  dust  that  has  already  settled  from  rising.  There 
remains,  however,  the  dust  created  through  drilling  and  blasting  opera- 
tions, which,  if  allowed  to  rise,  floats  in  the  mine  air  and,  in  most  mines, 
never  gets  an  opportunity  to  settle.  The  South  African  Miners'  Phthisis 
Commission  (1919)  found  that  in  perfectly  still  air,  dust  particles  5 
microns  (3^:5000  ici-)  in  diameter  took  20  min.  to  fall  through  a  height  of 
6  ft.,  and  it  took  8  hr.  for  particles  of  1  micron  (3-^5ooo  i^-)  in  diameter 
to  be  deposited.  In  many  mines,  the  air  in  any  part  of  the  workings  is 
never  sufficiently  still  for  all  the  dust  to  settle.  An  effort  must,  therefore, 
be  made  to  lay  this  dust  at  its  source,  through  the  spraying  of  stopes  and 
manways  with  hose  and  water  pipe,  the  use  of  water  drills,  small  sprays 
in  blower  pipe,  and,  possibly,  by  the  use  of  water  blasts  in  dead  ends, 
immediately  after  blasting.  However,  even  with  the  use  of  all  this  water, 
with  the  sides  and  floors  moist,  water  sprays,  and  water  machines  for 
drilling,  all  the  dust  is  not  entirely  deposited,  and  there  is  a  definite  limit 
to  the  amount  of  water  that  can  be  safely  and  comfortably  used,  unless 
intensive  ventilation  is  combined  with  humidification. 

The  detrimental  effects  of  high  humidity,  when  not  accompanied  by 
a  corresponding  air  velocity,  on  the  health  and  efficiency  of  workers,  is 
too  well  known  to  be  discussed  here ;  the  higher  the  humidity  is  raised, 
the  more  intensive  the  ventilation  must  be. 

In  one  large  mine,  approximately  1200  ft.  deep,  through  which  approxi- 
mately 225,000  cu.  ft.  of  air  is  being  coursed,  the  relative  humidity  of 
the  mine  air  has  been  raised  to  93.5  per  cent.,  while  the  temperature  of  the 
exhaust  air  is  only  73.5°.  It  is  believed  that  in  this  particular  case  the 
humidity  of  the  general  air  might  be  raised  to  approximately  100  per 
cent.,  and  that,  with  the  present  low  temperature  and  a  velocity  of  about 
250  ft.  per  min.  in  at  least  50  per  cent,  of  the  working  places,  in 
stopes  the  saturation  of  the  mine  air  would  have  no  detrimental  effect 
on  the  men. 

Water  blasts  in  large  stopes  appear  to  be  impracticable,  because  the 
surface  exposed  is  too  large  for  one  blast  to  cover  thoroughly,  and  a  series 
of  blasts  would  complicate  matters.  However,  in  very  small  square-set 
stopes  and  in  dead  ends,  water  blasts  generally  may  be  used  to  advantage. 
Their  installation  on  grizzly  levels,  in  mines  worked  by  the  caving  sys- 
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terns,  may  also  prove  advantageous,  provided  only  a  limited  amount  of 
water  is  used;  if  too  much  water  is  employed,  the  excess  will  run  down 
through  the  grizzlies,  making  the  ore  sticky  and  difficult  to  draw  through 
the  chutes.  The  number  of  water  blasts  that  can  be  used  underground  is 
limited  by  the  amount  of  compressed  air  that  they  consume. 

Water  drifters  are  in  common  use.  Water  stopers  have  been  tried 
out  with  varying  success.  One  obstacle  to  their  general  use  is  that  the 
men  prefer  to  take  the  risk  of  drilling  dry,  to  getting  their  clothes  wet 
when  drilling  upper  holes  with  a  water  stoper.  It  must,  however,  be  said 
that  the  water  stoper  cannot  be  quite  so  generally  applied  as  the  water 
drifter.  For  example,  there  are  large  shrinkage  stopes  in  this  region 
in  which  the  regular  flow  of  water  through  the  water  stoper  frequently 
makes  the  broken  ore  too  muddy  and  sticky  for  it  to  be  drawn  through 
the  chutes  beneath.  In  such  cases,  the  compulsory  use  of  the  water 
stoper  would  be  a  hardship,  and  some  other  means  of  allaying  the  dust 
must  be  adopted.  More  intensive  ventilation,  in  such  cases,  will  tend 
to  improve  conditions. 

In  this  connection,  there  is  a  field  for  investigation  as  to  the  type  of 
water  machine  that  produces  the  least  dust.  While  water  machines 
have  a  beneficial  effect  on  the  dust  created  through  drilling  operations, 
the  passage  of  the  water  through  the  steel  does  not  completely  lay  all 
the  dust.  Investigators  believe  that  some  types  of  water  machines 
produce  much  finer  dust  than  others;  the  finer  dust,  of  course,  is  more 
difficult  to  lay.  An  exhaustive  study  and  comparison  of  the  character 
and  quantity  of  dust  produced  by  the  operation  of  various  types  of 
water  machines  would  prove  most  helpful  in  solving  the  dust  problem. 

In  a  number  of  the  mines  previously  referred  to,  not  only  is  silica 
closely  associated  with  the  ore,  but  sufficient  sulfur  is  also  present  to  show 
a  color  effect  on  the  miner's  carbide  light.  The  particles  of  copper 
and  iron  sulfide  are  insoluble  in  water  and  may  be  just  as  dangerous  as 
silica  dust,  although  no  comparative  study  has  been  made  regarding  the 
relative  harmfulness  of  silica  and  sulfide  dust  particles. 

Determining  Dust  Content  of  Air 

In  making  a  study  of  the  dust  content  in  mine  air  in  this  region,  various 
instruments  have  been  used.  Owing  to  war  conditions,  a  Konimeter  was 
unobtainable  at  first;  so  an  instrument  of  somewhat  similar  construction, 
manufactured  in  this  country,  was  used  for  sampling  the  mine  air,  and 
photomicrographs  were  made  of  the  dust  spots  on  slides.  The  chief 
objection  to  this  instrument  was  that,  being  designed  to  sample  a  very 
large  quantity  of  air  (5  cu.  in.),  the  dense  deposit  of  dust  thrown  on  the 
small  cover  glass  made  an  accurate  count  of  the  dangerous  dust  particles 
under  the  microscope  almost  impossible.  Later,  a  Konimeter  was 
obtained  and  is  now  used  in  making  dust  determinations.     Samples 
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have  also  been  taken  by  the  gravimetric  method.  Briefly,  the  procedure 
adopted  in  taking  dust  samples  by  the  two  methods  is  as  follows : 

In  the  Konimetric  method,  a  known  quantity  of  dusty  air  (5  c.c.)  is 
made  to  impinge,  at  high  velocity  through  a  narrow  nozzle,  against  a 
glass  plate  coated  with  an  adhesive  mixture  (vaseline  or  some  similar 
substance).  The  minute  dust  particles  remain  embedded  in  the  adhesive 
mixture.  The  glass  is  then  removed  from  the  instrument,  placed  under  a 
microscope  containing  a  ruled  ocular,  and  the  dust  particles  counted  at 
magnifications  of  150-180  and  higher.  The  resulting  count  is  the  number 
of  particles  present  in  5  c.c.  of  air.  An  attempt  is  also  made  to  determine 
the  size  of  the  particles  by  the  use  of  ruled  lines  on  the  ocular,  the  distance 
between  which  represent  a  diameter  of  5  microns.  This  instrument  has 
been  freely  used  in  South  Africa,  and  Australia. 

The  gravimetric,  or  sugar-tuhe  method,  as  it  is  frequently  called,  consists 
in  drawing  a  measured  volume  of  dusty  air  through  a  tube  containing 
granulated  sugar,  which  filters  out  the  suspended  dust.  In  the  labora- 
tory, the  sugar  is  dissolved  in  distilled  water,  to  eliminate  the  soluble 
particles;  the  solution  is  filtered  through  a  special  filter  paper,  ignited, 
and  weighed  (proper  corrections  being  made  for  dust  in  the  sugar  prior 
to  taking  the  sample,  and  for  filter  ash).  A  portion  of  the  solution  con- 
taining the  suspended  dust  is  made  up  to  a  measured  volume  and  an  ali- 
quot part  (1  cu.  mm.)  placed  under  a  microscope  and  the  dust  particles 
counted.^  By  this  method,  a  weight  of  the  insoluble,  or  dangerous,  dust 
is  obtained,  and  through  sedimentation,  under  water,  a  numerical  count 
of  the  particles. 

While  of  the  utmost  value  in  assisting  operators  to  obtain  an  indication 
of  the  dusty  character  of  their  mine  air,  neither  form  of  sampling  is  per- 
fect. The  main  objections  to  the  Konimeter  appear  to  be  the  diversity  in 
counts  of  the  same  samples  by  different  experts,  the  difficulty  in  obtaining 
a  full  count  in  one  operation  with  the  apparatus,  and  the  pitting  of  the 
vaseline-coated  cover  glass  with  water  vapor,  causing  pitmarks  that  may 
be  mistaken  for  dust  particles.  The  South  African  Chamber  of  Mines 
(Standing  Committee  on  Dust  Sampling,  Nov.,  1920)  stated  that  "The 
Konimeter  sample  is  small,  instantaneous,  and  local;  it  is  difllcult  to  be 
sure  that  one  is  counting  dangerous  dust,  and  the  personal  factor  in  the 
counting  renders  results  of  doubtful  value. " 

The  collecting  and  counting  of  dust  particles  under  water,  as  is  done 
with  the  gravimetric  method,  also  has  objections,  and  authorities  vary 
as  to  its  accuracy.  In  a  recent  publication  regarding  aerological  instru- 
ments, Dr.  Vernon  Hill,  of  the  Chicago  Department  of  Public  Health, 
states:  "In  dust-counting  devices  that  collect  the  sample  under  water, 

^Fieldner,  Katz  and  Longfellow:  The  Sugar  Tube  Method  of  Determining  Rock 
Dust  in  Air.     U.  S.  Bureau  of  Minos,  Tech.  Paper  278. 
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the  particles  are  broken  up  in  the  water  and  the  final  count  is  often  many 
times  that  of  the  original  count  of  the  air  sample;  also  the  shape  and 
general  characteristics  are  lost  by  the  water  collection  method." 

Doctor  Hill  is  a  student  of  heating  and  ventilating  problems  and  as 
such  is  an  authority.  For  this  reason,  any  statement  made  by  him,  such 
as  the  above,  cannot  be  ignored.  Moreover,  when  we  consider  that 
granite  is  largely  composed  of  silica,  and  that  water  and  weathering  have 
a  powerfully  disintegrating  effect  on  the  rock  components,  there  is 
food  for  thought  in  Doctor  Hill's  statements. 

In  its  1919  report,  the  Miners'  Phthisis  Prevention  Committee  stated 
that  "Tests  with  the  dust  caught  by  the  sugar  tube  indicate  that  the 
number  of  particles  recovered  is  generally  smaller  with  that  method  than 
with  the  Konimeter. "  This,  may  possibly  be  accounted  for  by  the  fact 
that  the  Konimeter  collects  both  soluble  andi  nsoluble  particles,  while  a 
count  of  dust  particles  obtained  by  sedimentation,  after  collection  in 
the  sugar  tube,  includes  only  insoluble  particles. 

Another  apparent  objection  to  the  gravimetric  method  is  that  by  this 
process,  after  the  collection  of  the  dust  sample  in  a  sugar  tube,  the  getting 
of  the  sugar  into  solution,  and  the  separation  of  the  insoluble  dust  by 
infiltration,  the  filter  paper  containing  the  insoluble  dust  particles  is 
incinerated,  prior  to  weighing.  In  the  case  of  recent  investigations  at 
the  Broken  Hill  mines  in  Australia,  it  was  found  that  ignition  of  the  dust 
caused  elimination  of  the  sulfur  content  of  the  ores.^  In  sampling  the 
dust  in  mines  containing  a  large  percentage  of  sulfur,  such  as  many  mines 
in  this  region,  this  would  create  a  serious  error  in  the  weight,  as  while  it 
is  possible  to  eliminate  sulfur  by  burning  the  sample  in  the  muffle,  these 
particles  are  insoluble  in  water  and  undoubtedly  are  dangerous  elements 
to  be  inhaled  in  the  lungs. 

In  experiments  in  both  South  Africa  and  Australia  it  was  found  that 
oil  atomized  by  drilling  operations  and  the  tarry  product  of  the  fuse  when 
blasting  collected  in  the  sugar  tube  and  formed  aggregates  of  the  dust. 

The  South  African  Miners'  Phthisis  Committee  (1919)  found  that 
"  owing  to  the  varying  fineness  of  the  dust,  the  expression  of  its  amount  in 
weight  does  not  always  enable  a  true  comparison  between  one  set  of 
conditions  and  another,  and,  in  the  case  of  very  fine  dust,  the  method 
underestimates  the  danger." 

Another  consideration  that  has  considerable  bearing  on  the  correct 
estimation  of  the  dangerous  dust  in  mine  air  is  the  specific  gravity  of  the 
material  stoped  in  different  mines,  which  varies  considerably,  that  at 
Broken  Hill  (Austraha)^  being  approximately  1.5  to  2  times  that  of  the 
South  African  material. 

»P.  H.  Warren:  Mechanical  Methods  of  Allaying  Dust.    Australasian  Inst.  Min. 
and  Met.  (June,  1921). 
*  Op.  cit. 
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So  long  as  medical  authorities  believe  that  it  is  the  minute  particles  of 
insoluble  dust  that  constitute  the  dangerous  constituents  in  mine  air,  an 
instrument  which  permits  a  coimt  of  these  particles,  retaining  their 
individual  characteristics,  such  as  the  Konimeter  and  instruments  of  this 
type  attempt  to  give,  is  preferable  to  the  gravimetric  method,  or  counts 
of  samples  collected  under  water  by  sedimentation.  Moreover,  for 
general  mine  use,  the_^Konimeter  type  of  instrument  is  more  practical 
and  more  easily  handled,  and  the  laboratory  work  is  simpler  than  that 
required  for  gravimetric  tests. 

Several  instruments,  using  the  principle  of  the  Konimeter,  are  being 
developed  and  perfected,  both  in  this  country  and  in  England,  and  before 
long  we  may  have  an  instrument  the  accuracy  of  which  will  satisfy 
most  observers.  However,  until  there  is  designed  an  instrument  that 
overcomes  the  objections  raised  to  those  in  present  use,  no  definite  dust 
standards  can  be  set. 

The  Kata-thermometer 

The  kata-thermometer  is  also  used  in  taking  readings  in  these  mines, 
in  order  to  measure  the  efficiency  of  the  ventilation.  This  instrument  is 
an  invention  of  Dr.  Leonard  Hill  of  London,  the  eminent  physiologist. 
As  a  result  of  his  researches,  Doctor  Hill  found  that : 

"  The  quality  of  freshness  of  air  is  due  to  its  coohng  power  on  the  body 
and  that,  on  the  contrary,  oppressiveness  of  ordinary  atmospheres  is  due, 
not  to  deficiency  of  oxygen,  or  excess  of  carbon  dioxide  and  organic  toxins, 
but  to  heat  stagnation. 

"Cooling  power  depends  on  temperature,  humidity,  and  motion 
of  the  air,  and  is  increased  by  low  temperature,  low  humidity,  and  high 
velocity  of  motion."  He  concluded  that  the  rate  of  cooling  of  the 
human  body  was  the  controlling  factor  in  determining  comfort  or  dis- 
comfort, and  the  kata-thermometer  registers  the  cooling  and  evaporative 
powers  exerted  by  the  air  on  a  surface  at  body  temperature. 

Briefly,  this  instrument  consists  of  an  alcohol  thermometer  with  a 
large  cylindrical  bulb  about  4  cm.  long  and  L7  cm.  in  diameter,  with  a 
stem  about  20  cm.  long,  graduated  from  95°  to  100°  F.  This  range  of  95° 
to  100°  F.  is  arbitrarily  chosen  to  give  a  mean  temperature  of  97.5°  F. 
(36.5°C.),  which  is  approximately  that  of  the  human  body  when  clothed. 
A  small  bulb  at  the  top  of  the  stem  furnishes  a  margin  of  overheating 
without  bursting  the  bulb,  to  give  time  to  place  the  instrument  in  the 
position  required,  and  to  allow  the  rate  of  cooling  to  become  steady  before 
the  meniscus  has  fallen  to  100°.  Dry  and  wet  kata  readings  are  taken, 
the  one  thermometer  being  used  for  both. 

The  dry  kata  registers  the  heat  loss  by  radiation  and  convection,  while 
the  wet  kata  gives  a  measure  of  the  combined  effect  of  the  temperature, 
humidity,  and  velocity  of  the  air  acting  on  a  wet  surface  at  body  tern- 
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perature,  and  indicates  the  heat  loss  by  radiation,  convection,  and 
evaporation.  **Thc  factors  which  affect  the  heat  loss  from  the  wet  and 
dry  kata  are  identical  to  the  factors  which  affect  the  heat  loss  from  the 
body,  so  they  also  affect  the  comfort  of  the  body."^ 

In  taking  a  dry  reading  of  cooling  power,  the  bulb  is  heated  in  hot 
water  (about  80°  C.)  until  the  alcohol  (colored  red  for  visibility)  expands 
and  all  air  bubbles  have  been  driven  to  the  top  of  the  meniscus  (a  thermos 
flask  being  generallj^  used  for  this  purpose).  The  instrument  is  then 
thoroughly  dried  and  suspended  in  position.  In  taking  a  wet  kata  read- 
ing, the  same  procedure  is  followed,  with  the  exception  that  a  thin  cotton 
sleeve  is  drawn  over  the  bulb  of  the  instrument  before  it  is  immersed  in 
the  hot  water. 

The  time,  in  seconds,  required  for  the  liquid  to  fall  from  100°  to 
95°  is  recorded  with  a  stop  watch.  Each  instrument  is  carefully  cali- 
brated and  marked  on  the  back  of  the  stem  with  a  factor  or  coefficient, 
such  that  the  factor  divided  by  the  time  of  cooling,  in  seconds,  gives  the 
millicalories  per  square  centimeter  of  cooling  surface  per  second.  For 
example,  in  the  case  of  a  kata-thermometer  with  a  factor  of  488  that 
takes  100  sec.  to  cool  from  100°  to  95°  F.,  the  cooling  power  of  the  sur- 
rounding atmosphere  is  488  divided  by  100,  or  4.8  miUicalories  per  square 
centimeter  per  second. 

By  means  of  formulas,  the  readings  may  be  translated  into  terms  of 
temperature,  relative  humidity,  and  velocity,  and  vice  versa. 

Doctor  Hill  states  "if  the  wet  kata  cooHng  power  be  kept  high  enough 
in  mines,  the  managers  will  be  sure  that  men  will  be  able  to  lose  heat  by 
sweating  adequately  and  work  without  having  to  take  frequent  periods 
of  rest  for  cooling  off.  If  the  dry  kata  coohng  power  be  kept  high  enough, 
men  can  work  without  sweating  or  the  acceleration  of  the  heat  this 
entails,  and  in  comfortable  invigorating  conditions." 

"Muscular  activity  is  accompanied  by  the  oxidation  of  glycogen,  a 
chemical  process  producing  heat,  a  process  continually  going  on  to  a 
greater  or  less  degree  while  life  lasts.  This  heat  production  varies  with 
the  degree  of  muscular  activity,  and  is  least  when  the  body  is  recumbent, 
relaxed,  and  asleep.  This  heat  producing  activity,  when  the  body  is 
resting,  Doctor  Hill  calls  the  "basal  or  minimal  metabolism,"  and  its 
amount  is  an  important  factor  in  a  man's  capability  to  perform  work  in  a 
hot  atmosphere.  Heat  production  is  considerably  increased  when  ex- 
ternal work  is  done.  The  basal  metabolism  of  the  average  man  cor- 
responds to  a  heat  loss  of  about  1  millicaloric  per  square  centimeter  of 
body  surface  per  second;  work  may  bring  it  up  to  3  millicalories. 

"The  heat  generated  by  muscular  activity  must  be  dissipated  in  some 


^O.  W.  Armspach  and  Margaret  Ingels:  Temperature,  Humidity  and  Air  Motion 
Effects    in    Ventilation,    Jn..    Am.    Soc    of    Heat-Vent.    Eng.    (1922). 
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way  or  the  temperature  of  the  body  will  rise  and  cause  serious  distur- 
bances. The  heat  is  dissipated  from  the  body  surface  by  radiation, 
convection,  and  evaporation."^ 

In  order  that  the  body  may  dispose  of  its  heat  without  strain,  the 
cooling  power  of  the  surrounding  air  should  be  adequate;  Dr.  Leonard 
Hill  has  recommended  the  following  cooling  powers  for  persons  doing 
different  classes  of  work,  the  units  being  in  millicalories  per  square 
centimeter  per  second : 

1.  For  sedentary  workers,  6  by  dry  kata,  18  by  wet. 

2.  For  light  manual  work,    8  by  dry  kata,  25  by  wet. 

3.  For  heavy  manual  work,  10  by  dry  kata,  30  by  wet. 

Dr.  A.  J.  Orenstein  and  H.  J.  Ireland  recently  conducted  a  most 
interesting  study  in  the  Rand  mines  in  South  Africa.  The  instruments 
used  were  ergometers  (to  register  the  output  of  work  under  various 
atmospheric  conditions,  an  effort  being  made  to  simulate  with  these 
machines  the  type  of  work  that  causes  the  greatest  fatigue,  such  as  hand 
drilling),  kata-thermometers  (to  register  the  cooling  power  of  the  air), 
and  dry-  and  wet-bulb  thermometer  readings.  Skin  temperatures  and 
loss  of  weight  of  workers  were  recorded  and  general  observations  made  as 
to  the  effect  produced  by  the  conditions  in  the  various  parts  of  the  mine. 

These  investigators  believe  the  wet  kata  gives  the  best  standard 
of  comfort  for  ventilating  purposes  in  mines,  as  it  includes  all  the  factors 
in  cooling  power  on  the  body — temperature,  humidity,  and  motion. 
However,  they  state  that  "neglecting  the  surface  readings,  there  is  a 
close  correspondence  in  the  curves  drawn  by  the  wet  and  dry  cooling 
power  values,  the  corresponding  wet  and  dry  readings  of  underground 
conditions  giving  practically  the  same  output  of  work;  for  instance,  a  dry 
cooling  power  of  4  gives  480,000  ft.-lb.  output;  the  corresponding  wet 
power  is  11,  which  gives  approximately  the  same  output,  so  that  in  esti- 
mating working  efficiency  it  does  not  matter  whether  we  take  the  dry  or 
wet  cooling  power  curves." 

Table  1,  compiled  by  these  investigators,  gives  an  idea  of  the  cooling 
power  by  the  wet  kata  with  corresponding  physiological  effects  likely  to 
be  produced.  The  dry  readings  are  the  corresponding  values  that  will 
probably  occur  in  underground  conditions.  These  are  based  on  numer- 
ous observations  taken  in  the  Rand  mines.  When  the  dry  cooling  power 
exceeds  8  and  10,  sweating  ceases,  and  the  dry  coohng  power  should  then 
be  taken  as  the  standard  of  cooling,  if  the  skin  and  clothes  are  drj^" 

In  forming  an  estimate  of  the  general  loss  of  output  incurred  in  a  mine, 
because  of  inadequate  cooling  power,  a  representative  section  of  a  mine 

*  Orenstein  and  Ireland:  Experimental  Observations  upon  Relation  Between 
Atmospheric  Conditions  and  Production  of  Fatigue  in  Mine  Laborers.  JnL,  S.  A. 
Inst,  of  Eng.,  (March,  1921). 
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Table    1. — Values  of  Cooling  Power  by  Wet  and  Dry  Kata  with  Cor- 
responding Physiological  Effects 


Cooling  Power 


Wet  Kata  Dry  Kata 


Physiological  Effects  on  Man  Stripped  to  Waist 


5 

1.5 

Extremely  oppressive;  profuse  sweating,  rise  of  body 
temperature  and  pulse  rate  especially  when  work  is 
performed;  very  small  evaporation  from  respiratory 
tract. 

10 

3.5 

Distinctly  oppressive;  body  temperature  can  be  kept 
nearly  normal  only  by  profuse  sweating;  skin  fluahed  and 
wet;  pulse  rate  high. 

15 

5.5 

Lower  limit  for  comfort. 

20 

8.0 

Quite  comfortable  for  work. 

25 

10.0 

Cool  and  refreshing  for  work;  too  cold  for  resting,  espe- 
cially after  being  heated. 

was  chosen  and  kata-thermometer  and  wet-  and  dry-bulb  temperature 
readings  taken  in  sixty-three  positions,  in  thirty-six  of  which  men  were 
working.  The  cooHng  powers,  estimated  working  efficiency,  number  of 
men,  and  equivalent  number  at  full  efficiency  were  tabulated  and  the 
overall  efficiency  determined  by  dividing  the  sura  of  equivalents  by  the 
sum  of  actual  men  working. 

From  these  investigations.  Doctor  Orenstein  and  Mr.  Ireland  esti- 
mated that  21  per  cent,  of  output  was  lost  through  inadequate  cooling 
power.  "It  is  not  implied  that  all  this  loss  is  avoidable  as  it  may  be 
impossible  to  bring  the  cooling  power  up  to  the  arbitrary  standard,  but 
it  shows  how  important  it  is  that  adequate  cooling  power  be  maintained 
if  at  all  possible.  Moreover,  this  loss  is  loss  of  output  only,  and  does  not 
include  the  losses  due  to  the  increased  morbidity  which  must  surely  follow 
the  excessive  strain  and  fatigue  associated  with  work  in  oppressive  atmos- 
pheres; such  losses  would  be  hospital  charges  and  cost  of  replacing  sick 
men."  Moreover,  as  the  investigators  state,  it  must  be  borne  in  mind  that 
the  above  mentioned  tests  were  conducted  under  constant  supervision  and 
observation  and  frequent  periodical  readings  of  output  and  attention 
to  machine  taken,  which  naturally  acted  as  a  constant  spur  to  the  subjects 
of  the  experiments  in  keeping  them  up  to  working  capacity.  In  the 
absence  of  such  supervision,  it  is  doubtful  whether  they  would  keep  up 
the  "best  effort"  when  fatigued. 

These  investigators  found  the  relation  between  efficiency  and  dry 
cooling  power  to  be  as  follows: 

Dry  cooling  power 1         2        3        4        5  6 

Working  efficiency,  per  cent 50       60      70      80      90       100 
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They  believed  that  the  working  efficiency  would  increase  with  cooling 
power  up  to  6  dry  kata,  but  not  to  make  the  conditions  too  rigorous 
assumed  that  working  efficiency  is  100  per  cent,  at  dry  cooling  power  of 
6.  They  state  ''the  curve  giving  the  relation  between  coohng  power 
and  output  will  rise  more  rapidly  at  the  low  cooling  power 
and  less  rapidly  as  it  approaches  8  dry  cooling  power,  making  a  curve 
convex  upwards." 

An  interesting  point  brought  out  by  their  experiments  was  the 
effect  in  oppressive  conditions  of  stirring  up  air  by  means  of  a  fan.  After 
a  series  of  tests  had  been  conducted  in  a  certain  drive,  a  fan  was 
erected  so  as  to  blow  a  current  of  air  over  one  of  the  subjects  of 
the  test,  located  10  ft.  from  it,  and  then  over  a  second  subject,  situated 
7  ft.  farther  away.     The  air  volume  was  estimated  at  2,000  cu.  ft. 

On  the  first  day  the  fan  was  operated,  a  rest  period  was  taken  as  in 
the  preceding  series  (of  tests),  the  kata  readings  being  taken  midway 
between  the  two  employees.  The  output,  when  compared  with  the 
average  output  of  the  preceding  series,  showed  an  increase  of  46  per  cent. 

In  concluding  their  observations,  they  state  that: 

"When  the  cooling  power  of  the  atmosphere  is  below  6  units  by 
dry  kata  and,  let  us  say,  16  by  wet  kata,  the  working  efficiency  falls. 
In  bad  places,  where  the  cooHng  power  is  only  1.5  dry  and  5  wet,  or 
under,  the  average  efficiency  is  only  about  55  per  cent.,  the  body  tempera- 
ture rises  to  an  undesirable  degree  and  extreme  fatigue  may  be  produced 
by  work. 

"Working  in  hot  places  is  a  greater  physical  strain  on  the  worker  in 
winter  than  in  summer. 

"The  effect  of  a  short  rest  at  half  time  is  not  sufficiently  pronounced 
to  make  it  worth  while. 

"General  kata  readings  in  several  mines  show  that  workers  under 
present  conditions  may  be  subjected  to  extremes  of  cooling  power  which 
may  severely  overtax  their  defensive  mechanism. 

"A  small  fan  with  a  capacity  of  about  2000  cu.  ft.  per  min.  operated 
about  10  to  20  ft.  from  the  worker  may  increase  the  output  (under  experi- 
mental conditions)  by  as  much  as  46  per  cent." 

Unfortunately,  in  its  present  form,  the  "kata"  is  not  practical  for 
general  underground  use,  as  a  bump  or  a  jolt  will  easily  break  it.  Were 
it  possible,  without  affecting  the  radiant  heat  loss  from  the  instrument, 
to  mount  it  in  a  manner  similar  to  the  sHng  psychro  meter,  its  use  would 
be  greatly  facilitated. 

Standard  Atmosphere 

For  some  years,  a  tentative  standard,  based  on  readings  and  observa- 
tions taken  over  a  long  period,  and  providing  for  a  good  working  atmos- 
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phere  has  been  sought  in  the  Southwest.  Such  a  standard  consisted 
originally  of  a  temperature  of  77°  F.,  rel.  hum.  under  85  per  cent.,  a  velocity 
of  at  least  100  ft.  per  min.,  and  volume  of  at  least  250  cu.  ft.  per  man  per 
min.^  This  was  later  changed  to  a  temperature  of  78°,  rel.  hum.  of  80 
per  cent.,  velocity  of  125  ft.  per  min.,  and  volume  of  350  cu.  ft.  of  air 
per  man  per  min.,^  which  translated  into  terms  of  dry  and  wet  kata 
readings,  would  approximate  5.7  dry  and  14.8  wet,  it  being  understood 
that  these  figures  of  cooling  power  refer  to  millicalories  per  square  centi- 
meter per  second,  according  to  formulas  worked  out  by  Dr.  Leonard 
Hill.  While  these  rates  of  cooling  are  somewhat  low,  compared  to  the 
latest  standards  set  by  Doctor  Hill  for  the  dry  and  wet  kata  readings,  it 
must  be  remembered  that  this  standard  atmosphere  was  promulgated 
about  9  years  ago,  before  the  kata  was  well  known. 

It  is  interesting,  however,  to  note  that  in  their  investigations  upon  the 
relation  between  the  atmospheric  conditions  and  the  production  of 
fatigue  on  mine  laborers,  in  South  Africa,  Doctor  Orenstein  and  Mr. 
Ireland  found  that  with  a  dry  cooling  power  of  6  they  obtained  approxi- 
mately 100  per  cent,  efficiency.  While  the  standard  atmosphere  men- 
tioned above  has  not  been  attained  generally  in  dead  ends  and  stopes  in 
the  average  mine,  it  has  been  more  than  surpassed  in  the  main  drifts, 
raises,  and  haulage  levels,  and  in  some  stopes. 

In  one  mine  in  which  a  ventilating  system  was  installed,  and  the  above 
standard  attained  in  a  large  number  of  the  working  places,  the,  then, 
superintendent  stated  that  ''due  to  the  installation  of  forced  ventilation 
the  product  per  man-shift  in  stoping  has  practically  doubled."^ 

This  standard  was  evolved  at  a  time  when  most  of  the  ore  was  stoped 
by  the  square-set  and  its  various  modifications,  cut-and-fiU,  and  other 
timbered  and  semitimbered  methods.  These  systems  of  mining  necessi- 
tated very  little  blasting  during  the  shift,  and  such  a  combination  as  that 
mentioned  appeared  satisfactorily  to  meet  conditions  in  stopes  of  this 
character.  However,  as  the  workings  became  deeper  and  the  tempera- 
ture and  relative  humidity  increased,  the  velocity  and  volume  of  the  air 
had  to  be  increased.  Later,  when  the  caving  methods  were  developed,  in 
which  the  basic  principle  is  frequent  blasting  at  any  time  during  the 
shift,  other  changes  had  to  be  made  in  the  standard,  as  it  was  not  merely 
a  question  of  providing  a  certain  volume  of  air  per  man  per  minute  to  cool 
the  working  place  sufficiently  to  enable  the  men  to  perform  their  tasks 
efficiently,  but  the  working  out  of  the  most  effective  method  of  immedi- 
ately eliminating  the  powder  smoke  and  dust  created  through  blasting 
operations.  When  blasting  occurs,  in  addition  to  the  powder  smoke  and 
gas,  the  force  of  the  explosive  pulverizes  some  of  the  rock  and  projects 

">  Chas.  A.  Mitke:  Ventilation  of  Copper  Queen  Mine.     Trans.  (1915)  62,  508. 

8  Chas.  A.  Mitke:  Standardization  of  Mining  Methods.     Eng.  &  Min.  Jnl.  (1919). 

9  Trans.  (1915)  52,  525. 
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large  volumes  of  very  fine  dust  into  the  air.  Should  the  air  have  little 
or  no  velocity,  the  clouds  of  dust  naturally  mill  around  and  remain  in 
the  vicinity  of  the  working  place  where  the  blast  occurred.  This  neces- 
sitates the  use  of  more  intensive  ventilation  than  that  generally  used  in 
high-grade  mines. 

Recent  investigations  have  shown  the  importance  of  determining 
the  effect  of  the  cooling  power  of  the  ventilating  currents  on  the  workers, 
also  the  necessity  of  purifying  the  air  currents  of  dust,  which  in  many 
instances  requires  the  raising  of  the  relative  humidity  with  a  correspond- 
ing increase  in  the  velocity  of  the  air  currents. 

Many  other  factors  also  have  a  bearing  on  the  selection  of  standards 
for  ventilation.  For  instance,  a  standard  consisting  of  a  certain  tem- 
perature, relative  humidity,  and  velocity,  that  would  give  a  satisfactory 
rate  of  cooling  in  one  mine  might,  for  other  reasons,  be  most  unsatis- 
factory in  a  mine  where  the  mining  method  is  different. 

Standards  for  ventilation  must,  therefore,  be  based  on  practical, 
scientific,  and  physiological  considerations.  Personal  opinion,  which 
often  enters  into  the  determination  of  the  condition  of  a  working  place, 
is  not  a  scientific  solution  of  the  question.  AVhat  may  seem  "com- 
fortable" to  the  observer,  may  not  be  comfortable  to  the  worker. 
On  the  other  hand,  the  worker,  who  is  accustomed  to  his  sur- 
roundings, may  find  the  atmosphere  perfectly  comfortable  while  to  the 
observer  it  may  seem  just  the  opposite.  To  arrive  at  true  standards,  it  is 
not  only  necessary  to  take  the  simple  readings  shown  by  the  hygrometer 
and  anemometer,  but  to  determine  the  effect  of  the  air  currents  on  the 
man  physically  and  the  amount  of  fatigue  he  registers  in  the  performance 
of  his  work,  under  varying  atmospheric  conditions. 

While  the  scientific  solution  of  the  problems  connected  with  mine 
ventilation  appears  to  be  making  rapid  progress,  many  points  remain 
unsettled.  Dr.  J.  S.  Haldane  of  Oxford,  one  of  the  pioneers  in  connec- 
tion with  the  physiology  of  respiration,  would  appear  to  prefer  the  wet 
bulb  as  a  guide  in  the  matter  of  a  good  working  atmosphere;  J.  L.  Bruce, 
an  Australian  investigator ^^  prefers  the  dewpoint  rather  than  the  wet 
bulb,  fixing  62  as  the  permissible  maximum  dewpoint.  Doctor  Oren- 
stein  and  Mr.  Ireland,  while  acknowledging  the  value  of  the  kata-ther- 
mometer,  state  that  it  gives  no  reliable  indication  of  the  evaporation 
from  the  respiratory  tract,  this  being  dependent  "not  on  the  motion  of 
the  air,  but  on  the  amount  of  air  breathed  and  its  absolute  moisture 
content,  which  latter,  can,  of  course,  be  found  from  wet-  and  dry-bulb 
readings."  According  to  Dr.  Leonard  Hill,  "A  considerable  evapora- 
tion from  the  respiratory  tract  produces  a  copious  flow  of  fluids  from  the 
lymphatic  glands  to  the  mucous  membrane,  and  also  stimulates  increased 
blood  flow  to  make  up  the  heat  loss,  both  of  which  processes  promote 
>Mnst.  Min.  and  Met.,  London:  Trans.  (1922). 
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immunity  from  bacterial  invasion."  Mr.  Ireland  states,  "  There  is  little 
doubt  that  the  very  humid  atmosphere  of  the  mines  tends  to  lower  the 
immunity  for  the  time  being  from  respiratory  diseases  and  this  is  aggra- 
vated by  the  strain  of  working  in  places  where  the  cooling  power  of  the 
air  is  utterly  inadequate."  ^^  Mr.  Ireland  raises  the  question  as  to  whether 
evaporation  from  the  respiratory  tract  has  any  influence  on  silicosis,  and 
whether  a  large  evaporation  would  tend  to  prevent  the  dust  block  in  the 
lymph  glands.  In  this  connection,  he  suggests  that  a  good  margin  to 
work  with  would  be  a  dewpoint  of  60°  F.  (approximately),  basing  this 
conclusion  on  the  fact  that  "  In  dealing  with  humidity,  it  should  be  borne 
in  mind  that  so  far  as  the  human  organism  is  concerned,  it  is  absolute 
humidity — actual  moisture  content — not  relative  humidity,  which 
matters.  Air  at  40°  F.  though  saturated  (100  per  cent.  rel.  hum.)  will 
contain  much  less  moisture  than  air  at  80°  F.  with  a  relative  humidity  of 
50  per  cent.  On  a  day  on  the  Rand,  with  a  temperature  of  45°  F.  and  a 
rel.  humidity  of  20  per  cent.,  the  evaporation  from  the  respiratory  tract 
per  100  cu.  ft.  of  air  breathed  is  approximately  0.24  lb.;  in  a  good  place 
underground,  with  a  temperature  of  65°  F.,  a  relative  humidity  of  90  per 
cent.,  the  corresponding  evaporation  is  0.16  lb.;  and  in  a  place  87°  F. 
and  95  per  cent,  humidity,  0.063  lb.  or  a  little  over  a  quarter  of  the 
first.  Here,  again,  he  states,  "there  should  be  something  to  aim  at, 
especially  as  the  dry  atmosphere  of  the  Rand  gives  a  good  margin  to 
work  with,  and  I  suggest  0.16  lb.  per  100  cu.  ft.,  i.e.,  a  dewpoint  of  60° 
F.  (approximately)." 

In  concluding  their  investigations  into  the  effect  of  atmospheric 
conditions  on  the  production  of  fatigue  on  mine  laborers.  Doctor  Orenstein 
and  Mr.  Ireland  state:  "There  is  a  body  of  opinion  that,  besides  the 
factors  of  temperature,  humidity  and  motion,  there  may  be  more  subtle 
factors  on  which  at  present  we  have  not  sufficient  information.  For 
instance,  G.  Stroede^-  working  on  the  catalysts  assisting  the  transference 
of  oxygen  finds  a  good  deal  of  evidence  that  such  catalysts  are  to  some 
extent  inhibited  by  exhaled  air.  The  stuffiness  of  air  caused  by  its 
passing  over  steam  radiators,  though  the  final  temperature  inhaled  may 
be  sufficiently  low  and  the  cooling  power  satisfactory,  is  another  matter 
that  requires  elucidation.  There  is  also  the  question  of  air  passing  over 
decaying  organic  matter,  such  as  rotten  timber,  when  considerable,oxida- 
tion  goes  on  and  the  air  feels  stuffy.  Whether  the  stuffiness  in  the  latter 
case  is  detrimental  to  health,  or  whether,  hke  some  bad  smells,  such  as 
those  produced  in  soap  works  and  glue  works,  it  is  objectionable  but 
innocuous,  we  cannot,  at  this  stage  say  definitely." 

Until,  therefore,  further  physiological  research   is  conducted,  and 

"  Chem.  Met.  aad  Min.  Soc,  Jrd.  (August,  1921). 
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additional  experiments  performed  on  the  men  during  the  process  of  their 
underground  labors,  and  numerous  readings  taken  of  atmospheric 
conditions  during  those  periods,  no  absolute  standards  for  atmospheric 
conditions  can  be  advanced.  In  the  meanwhile,  the  kata-thermometer, 
together  with  the  other  instruments  in  present  use,  will  do  much  toward 
assisting  the  improvement  of  underground  conditions.  In  mentioning 
the  advantages  of  the  kata-thermometer  over  the  wet  bulb  in  giving  an 
indication  of  atmospheric  conditions  underground,  Dr.  Leonard  Hill, 
referring  to  the  investigations  of  Doctor  Orenstein  and  Mr.  Ireland  in 
mines  on  the  Rand,  stated,  "The  fact  that  Doctor  Orenstein  and  Mr. 
Ireland  have  demonstrated  50  per  cent,  less  efficiency  of  native  workers 
in  the  places  where  the  kata  reading  is  the  worst  and  a  loss  of  21  per  cent, 
for  the  whole  mine  below  what  it  might  be  if  my  dry  standard  kata 
reading  of  6  per  cent,  were  adhered  to,  suffices  as  proof  of  this  claim. "^^ 

Doctor  Hill  advocated  a  dry  kata  reading  of  6  for  sedentary  workers, 
and  cooling  powers,  by  the  dry  kata,  as  high  as  8  and  10  for  manual 
work;  however,  to  obtain  such  coofing  powers  underground  is  much  more 
difficult  than  in  buildings  and  factories  on  surface.  To  attain  such 
figures,  it  is  necessary  either  to  reduce  the  temperatures  or  greatly 
increase  the  velocities.  In  general,  the  average  stope  temperatures 
range  from  75°  F,  up,  and  to  reduce  these  much  below  75°  F.  would  be 
prohibitive  from  an  economic  standpoint.  On  the  other  hand,  to  increase 
the  velocities  sufficiently  to  obtain  dry  kata  readings  of  8  and  10  is  not 
always  possible,  particularly  in  old  mines  with  limited  intakes  and  outlets, 
as  there  is  danger  in  greatly  increasing  the  speed  of  the  entering  air  in 
main  intake  shafts,  which  are  also  working  shafts,  to  say  nothing  about 
the  additional  expense  for  power,  which  is  quite  an  item  at  the  present 
time.  As  an  illustration,  in  an  underground  working  place  with  a  tem- 
perature of  77°  F.  in  order  to  obtain  a  reading  of  6  with  the  dry  kata,  it  is 
necessary  to  have  a  velocity  approximating  125  ft.  per  min.;  to  raise  this 
cooling  power  to  8  would  necessitate  increasing  the  velocity  to  275  ft. 
per  min.,  approximately.  Were  the  temperature  higher,  say  86°  F.,  to 
obtain  a  cooling  power  of  6  would  require  a  velocity  of  550  ft.  per  min.; 
and  to  raise  this  cooling  power  to  8  would  necessitate  increasing  the 
velocity  to  over  1000  ft.  per  minute. 

From  recent  investigations,  it  would  appear  that  a  good  tentative 
standard  would  be  a  temperature  of  77°  to  78°  F.,  with  a  relative 
humidity  of  80  per  cent,  (wet  bulb  approximately  73),  and  a  velocity  of  125 
to  150  ft.  per  min.  This  should  apply  principally  to  stopes  and  dead 
ends  and  not  be  the  average  for  the  entire  mine.  Frequently,  averages  of 
temperatures  and  relative  humidities  in  working  places  in  an  entire 
mine  include  many  readings  taken  in  main  shafts,  main  haulageways,  and 
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niaiu  intake  air  courses,  which,  of  course,  greatly  reduces  the  general 
average  of  the  mine.  In  many  instances,  such  mines  contain  many  hot 
stopes  in  which  men  cannot  do  a  fair  day's  work.  An  average,  therefore, 
unless  accompanied  by  details  of  readings  and  locations,  is  often  mislead- 
ing. In  most  cases  it  will  necessitate  considerable  work  and  careful 
coursing  of  the  air  to  approximate  the  above  standard  in  stopes 
and  dead  ends,  but  were  this  tentative  standard  achieved,  the 
general  ventilation  throughout  the  mines  would  be  greatly  improved. 
This  combination  closely  approximates  a  cooling  power  of  6  by  the  dry 
kata  and  15  by  the  wet,  and,  as  has  been  shown  in  the  investigations  of 
Doctor  Orenstein  and  Mr.  Ireland,  represents  the  lower  limit  for  comfort 
in  underground  workings. 

It  has  also  been  demonstrated  that  in  mines  where  this  standard 
has  been  attained,  the  installation  has  more  than  paid  for  itself  in  increased 
efficiency  of  the  men  (even  though  the  cost  of  power  is  3  c.  per  kw.-hr.). 
In  one  instance,  the  tonnage  per  man-shift  was  increased  from  23^  to  7 
tons,  or  approximately  180  per  cent.^* 

In  most  underground  working  places,  it  should  be  possible  to  attain 
the  above  standard  by  means  of  the  primary  ventilating  system.  In 
dead  ends  and  remote  stoping  sections,  the  more  general  use  of  a  secondary 
ventilating  system,  composed  of  small  fans  and  booster  equipment,  will 
assist  in  attaining  the  above  tentative  standard. 

After  the  standard  of  6  dry  kata  and  15  wet  kata  has  been 
obtained  in  nearly  all  working  places  in  most  mines,  steps  might  be  taken 
to  raise  the  standard  to  approximate  Dr.  Leonard  Hill's  standards  for 
manual  labor  of  8  and  10  by  the  dry  kata,  and  25  and  30  by  the  wet  kata. 

Relation  of  Mining  Method  to  Ventilating  System 

An  important  consideration,  which  is  seldom  realized,  is  the  close 
relationship  between  the  mining  method  for  extracting  the  ore  and  the 
system  of  ventilation.  Having  worked  out  and  supervised  the  installa- 
tion of  ventilating  systems  for  sixteen  large  metal  mines,  it  has  been 
the  writer's  experience  that  the  stoping  method  should  first  be  thoroughly 
understood  before  an  efficient  system  of  ventilation  can  be  planned.  By 
first  carefully  studying  the  mining  methods,  changes  necessary  for  im- 
provement in  the  ventilation  may  also  increase  the  efficiency  of  the 
mining  method. 

For  example,  in  mines  worked  by  square-set  methods,  where  the 
custom  had  been  to  take  large  sections  and  use  convenient  areas,  etc  , 
merely  for  working  purposes,  it  was  found  that  better  ventilation  and 
greater  efficiency  in  stoping  could  be  obtained  with  the  use  of  smaller 
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sections.  These  smaller  sections  required  more  raises,  wliicii  gave  greater 
facilities  for  the  handling  of  ore  and  freer  passage  for  the  air,  by  increasing 
the  number  of  openings.  Later,  standard-size  raises,  standard-size 
manways  and  timber  compartments  were  designed,  in  order  to  furnish 
constant  areas,  which  were  made  as  large  as  practicable.  This  innovation 
proved  to  be  most  valuable  from  an  economical  and  efficient  as  well  as 
ventilating  standpoint. 

There  has  been  a  tendency  to  install  too  many  doors,  stoppings,  etc., 
which  increase  resistance  and  lessen  the  volume  of  air.  A  review  of  the 
mining  method  will  frequently  disclose  the  fact  that  considerable  develop- 
ment work,  done  in  advance  of  the  stoping,  will  increase  the  number  of 
air  passages  and  at  the  same  time  decrease  the  resistance,  thus  greatly 
facilitating  the  flow  of  air.  Instead  of  adopting  the  policy  of  closing  off 
too  much  of  the  mine  and  throtthng  the  ventilation,  it  will  frequently 
be  found  that  it  pays  to  open  up  the  new  stoping  area  well  in  advance. 

Use  of  Secondary  Ventilating  System  for  Fighting  Mine  Fires 

The  use  of  mechanical  ventilation  for  fighting  mine  fires  has  been  a 
common  practice  in  the  Southwest,  where  there  have  been  over  thirty- 
five  active  mine  fires  during  very  recent  years. ^^  In  general,  the  principle 
followed  has  been  to  close  the  outlets  from  the  fire  district  and  then  put 
the  fire  under  pressure.  This  is  always  accomplished  by  the  use  of 
small  independent  fans,  generally  mounted  on  trucks,  and  ranging  in 
capacity  from  500  up  to  30,000  cu.  ft.  of  air  per  minute.  Even  should 
the  fire  occur  in  a  part  of  the  mine  which  is  already  under  pressure  from 
the  main  ventilating  system,  the  portable  fan  can  be  carried  much  closer 
to  the  fire,  and  a  direct  pressure  put  on  the  heated  area,  in  addition  to 
that  exerted  by  the  general  ventilating  system.  With  small  portable 
blowers,  an  attack  may  also  be  made  on  the  fire  through  a  number  of 
drifts  leading  to  the  fire  area.  Moreover,  as  the  fire  is  either  extinguished 
or  bulkheaded  off,  the  blowers  may  be  shifted  to  other  locations.  Port- 
able blowers  for  fire  fighting  have  been  successfully  used  at  mine  fires, 
under  the  direction  of  the  writer,  at  the  mines  of  the  Cananea  Consoli- 
dated Copper  Co.,  in  the  Bisbee  district,  and  at  Morenci  and  Coronado, 
during  the  past  8  years. 

Formerly,  all  fire  fighting  was  done  by  a  large  number  of  helmetmen 
trained  for  the  purpose,  but  men  wearing  oxygen  apparatus  cannot 
perform  nearly  as  much  work  as  men  working  in  fresh  air,  without  such 
encumbrances.  Experience  at  various  mine  fires,  with  the  use  of  portable 
blowers,  has  demonstrated  that  it  is  possible  to  fight  mine  fires  without 
the  use  of  helmetmen.     While  this  is  not  advocated  as  a  general  rule,  in 
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exceptional  cases  it  has  been  successfully  accomplished.  At  numerous 
mine  fires  in  this  region,  all  the  bulkheading,  emergency  timber  work, 
putting  up  of  brattices,  laying  of  water  lines,  etc.,  has  been  done  by  men 
without  oxygen  apparatus,  and  working  in  good  air  furnished  by  portable 
blowers.  A  number  of  helmets  are,  of  course,  kept  near  at  hand,  but 
the}^  are  used  merely  for  exploratory  work.  The  old  type  of  concrete 
bulkhead  (from  6  in.  to  several  feet  in  thickness)  is  seldom  used.  The 
general  bulkhead  used  in  this  region  is  made  of  two  stulls,  with  2-in. 
boards  nailed  across,  so  as  to  close  off  the  drift  or  raise.  Then  a  wire 
netting  is  nailed  on  the  boards  and  the  whole  bulkhead  covered  with 
from  %  to  ^4:  ill-  of  cement.  These  bulkheads  have  proved  satisfactory, 
economical,  and  efficient  and  may  be  constructed  within  an  hour  by  men 
without  helmets. 

Installation  of  Equipment  Permitting  Reversal  of  Air  Currents 
Should  Depend  on  Conditions  at  Mines 

The  prevailing  impression  is  that  so-called  reversible  fans  should  be 
installed  everywhere,  regardless  of  underground  conditions,  the  general 
befief  being  that  in  many  cases  it  is  absolutely  necessary  to  reverse  the 
ventilating  currents  in  the  case  of  a  mine  fire.  There  are  some  instances 
where  intake  shafts  are  timbered,  and  where,  in  the  event  of  a  fire  in  the 
shaft,  it  might  be  advantageous  to  reverse  the  ventilating  currents,  pro- 
vided this  could  be  accomphshed  in  time.  However,  as  there  is  a  general 
movement  toward  the  adoption  of  concrete  for  fireproofing  main  working 
shafts  (which  are  usually  main  intakes),  the  danger  from  fire  in  shafts  is 
greatly  reduced. 

In  only  two  of  the  thirty-five  mine  fires  that  have  occurred  in  the 
Southwest  during  the  past  10  years,  did  the  question  of  reversing  the  air 
currents  arise;  in  all  the  other  cases  it  was  so  obviously  not  the  thing  to  do 
that  the  matter  was  not  even  discussed.  Even  in  the  two  cases  mentioned, 
it  was  decided  not  to  reverse  the  fan. 

There  may  be  cases  where  an  outbreak  of  fire  occurring  at  certain 
points  in  the  mine  could  be  advantageously  handled  by  reversing  the  air 
currents,  provided  this  could  be  done  in  time.  However,  it  cannot  be 
said  that  the  installation  of  so-called  reversible  fans  applies  equally  to  all 
mines,  and  the  installation  of  such  a  fan  in  a  mine  in  which  it  cannot  be 
used  advantageously  constitutes  a  real  danger,  as  in  times  of  excite- 
ment, such  as  a  mine  fire,  some  one  may  hastily  order  the  reversal  of  the 
air  currents  and  endanger  the  lives  of  everyone  in  the  mine.  Fires  are 
fought  more  easily  with  small  portable  blowers.  The  reversal  of  many 
ventilating  systems  would  turn  main  travelingways  into  temporary 
upcasts,  which  would  greatly  hamper  the  fire  fighting,  and  little  efficient 
work  can  be  done  by  sending  men  through  shafts  that  are  airways  only, 
to  say  nothing  of  the  diflSculty  of  handling  equipment  and  supplies. 
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Aside  from  this,  the  present  mine  needs  require  swift  air  currents  on 
main  levels.  Supposing  that  an  air  current  travels  at  the  rate  of  1000 
ft.  a  min.;  even  if  the  fan  could  be  reversed  within  10  min.,  this  brief 
period  would  allow  the  smoke  and  gas  to  penetrate  all  the  workings  and 
kill  the  men  long  before  the  ventilating  currents  could  be  reversed  A 
far  safer  method  is  to  arrange  for  the  instantaneous  closing  of  fire  doors 
throughout  the  mine,  to  check  the  rapid  air  currents  within  a  minute, 
thus  controlling  the  ventilation  and  avoiding  disaster. 

In  addition,  in  some  mines  a  so-called  reversible  fan  cannot  be  used 
with  safety;  for  example,  mining  out  the  small  orebody  at  the  United 
Verde  Extension  under  mine  fire  conditions,  during  1917-1918.^^  Had 
the  ventilating  currents  been  reversed,  it  would  have  been  impossible  to 
attack  the  fire  stope.  However,  by  closing  off  this  area  from  the  general 
ventilating  currents  and  placing  it  under  pressure  by  the  use  of  portable 
blowers,  it  was  possible  to  mine  out,  successfully,  without  interruption, 
the  ore  that  was  on  fire.  At  the  Coronado  Mine  of  The  Arizona  Copper 
Co.,  at  Metcalf,  Ariz.,  mining  operations,  under  mine-fire  conditions,  are 
now  being  carried  on.  Here,  a  non-reversible  fan  is  in  use.  Were  it 
possible  to  reverse  the  air  currents  and  some  one  hastily  gave  an  order 
for  such  to  be  done,  there  would  be  no  chance  for  the  men  to  escape. 
These  are  only  two  of  many  instances  which  might  be  quoted,  where  the 
installation  of  doors,  etc.  for  reversing  the  air  currents  would  be  a 
real  danger. 

While  in  some  districts  of  the  United  States  so  called  reversible 
fans  are  used  almost  entirely,  in  the  Southwest,  with  all  the  evidence  at 
hand,  great  caution  must  be  exercised  before  a  so-called  reversible  fan 
is  recommended. 

Possibilities  of  Improvements  in  Metal-mine  Ventilation 

Improvements  in  ventilating  systems  in  this  region  are  continually 
being  planned.  These  include  additional  intake  and  outlet  areas,  increase 
of  volumes  where  necessary,  further  measures  for  the  elimination  of  dust, 
and  the  increase  of  velocities  in  individual  working  places,  etc.  With 
the  development  of  additional  and  cheaper  power,  through  hydroelectric 
installations,  the  future  may  see  innovations  in  connection  with 
mine  ventilation. 

The  use  of  ozone  in  the  London  subways  for  a  number  of  years,  is 
most  suggestive.  While  primarily  installed  as  a  deodorizer,  it  is  con- 
sidered an  aid  to  the  ventilation.  In  the  past,  ozone  has  probably  had 
many  more  opponents  than  advocates.     However,  a  revival  of  interest 
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ill  the  usu  of  ozone  as  an  aid  to  ventilation  has  taken  place.  E.  S.  Hallet, 
chief  engineer  of  the  St.  Louis  Board  of  Education,  has  for  several  years 
been  conducting  experiments,  both  in  his  own  home  and  in  the  public 
schools,  with  the  use  of  ozone,  not  merely  as  a  deodorant,  but  from  a 
belief  that  it  is  at  least  one  element  of  our  atmosphere  and,  as  such, 
a  certain  quantity  of  it  is  vital  to  health.  Apparently,  he  has  found  the 
results  of  his  experiments  most  satisfactory,  as  St.  Louis,  after  having  had 
fifteen  schools  equipped  with  ozone,  has  just  contracted  for  the  equipment 
for  five  more  schools. ^^ 

To  this  may  be  added  the  evidence  adduced  by  the  medical  authorities 
of  France  that  ozone  increases  greatly  the  oxyhemoglobin  of  the  blood, 
thereby  increasing  the  oxygen-carrying  capacity  of  it.  Recently,  a 
number  of  experunents  were  conducted  by  Dr.  Vernon  Hill  and  John  J. 
Aeberly,  of  the  Chicago  Department  of  Public  Health.  In  concluding  a 
description  of  their  experiments,  these  gentlemen  state : 

"The  fact  that  ozone  is  a  deodorant  and  a  powerful  germicide,  and 
the  further  fact  that  it  can  be  generated  conveniently  at  a  very  low  cost, 
makes  it  a  substance  that  should  receive  the  careful  consideration  and 
study  of  the  engineering  profession  in  connection  with  ventilation  and  air 
conditioning  work.''^^ 

From  South  Africa  also  comes  a  suggestion  as  to  the  possible  use  of 
ozone  underground.     Doctor  Orenstein  and  Mr.  Ireland  state: 

"Ozone  in  very  small  dilutions  (let  us  say,  1  or  2  parts  in  100,000,000) 
seems  to  have  a  salutary  effect  in  warding  off  bacterial  infection,  not  so 
much  by  its  direct  germicidal  action,  but  by  its  stimulating  or  irritating 
effects  on  the  mucous  membrane,  producing  increased  flow  of  blood  and 
secretion  of  mucus.  It  is  stated  that  during  the  influenza  epidemic  of 
1918,  in  London,  the  employees  of  the  Underground  Railways  who  worked 
in  places  where  the  air  was  supplied  with  ozone  had  an  absentee  per- 
centage of  3  due  to  influenza,  while  those  whose  working  places  had  no 
ozone  had  10  per  cent,  absent.  It  would  be  interesting  to  find  how  far 
ozone  would  help  in  the  mines  to  promote  immunity  from  bacterial 
invasion  of  the  respiratory  tract." 

Ozone  units  are  now  constructed  in  such  convenient  form  that  it  is 
possible  to  carry  on  investigations  underground  in  order  to  determine 
what  effect  ozone  has  on  the  underground  air  and  the  health  of 
the  workers.  Should  it  be  proved,  after  exhaustive  experimentation, 
that  ozone  possesses  the  decided  advantages  claimed  by  its  advocates, 
it  will  open  up  great  possibilities  for  further  unprovement  of  mine  air. 

In  Europe  and  in  Mexico,  hquid  air  has  been  used  for  blasting. 
About  10  years  ago,  preliminary  investigations  were  made,  by  the  writer. 


"Some  Practical  Experiencs  with  Ozone.    Heat  &  Vent.  (Sept.,  1921). 
IS  Hill  and  Aeberlj^:  What  about  Ozone?     Ileal  A:  Vent.     (March,  1922). 


DISCUSSION  403 

with  liquid  air  in  cooling  heated  drifts,  but  at  that  time  the  cost  of  power 
necessary  for  its  manufacture  was  prohibitive,  and  the  experiments  were 
not  conclusive.  With  prospects  of  cheaper  power,  there  is  also  a  possi- 
bility of  utilizing  liquid  air,  both  as  an  explosive  and  as  an 
aid  to  ventilation. 

DISCUSSION 

George  S.  Rice,  Washington,  D.  C.^ — ^Touching  as  it  does  on  ventila- 
tion and  the  question  of  dust,  humidity,  and  high  temperature,  this  paper 
deals  with  some  of  the  chief  subjects  of  investigation  in  metal  mines  of  the 
Mining  Division  of  the  United  States  Bureau  of  Mines.  In  1910,  the  first 
preliminary  survey  was  made  by  a  surgeon  of  the  U.  S.  Public  Health 
Service,  who  had  been  assigned  to  the  Bureau;  unfortunately  he  died 
before  his  work  was  completed  and  the  fruits  of  his  labors  were  lost.  But 
about  1913  we  began  work  in  the  Joplin  district,  which  was  said  to  have 
perhaps  the  worst  conditions  at  that  time  in  relation  to  miners'  phthisis. 
That  work  was  carried  on  by  Doctor  Lanza  of  the  U.  S.  Public  Health 
Service,  and  Edwin  Higgins,  a  mining  engineer  in  the  Bureau  of  Mines. 
Subsequently  the  work  was  extended  to  Butte,  Mont.,  where  we  had 
the  cooperation  of  the  Anaconda  and  other  companies.  The  work  has  been 
fruitful  both  from  the  physiological  standpoint  and  from  the  direct 
returns  in  better  ventilation.  When  Mr.  Higgins  left  the  Bureau's 
service,  Daniel  Harrington  was  appointed  to  carry  on  that  particular 
work  in  connection  with  Doctor  Sayers,  detailed  from  the  U.  S.  Public 
Health  Service  to  serve  as  chief  surgeon  of  the  Bureau,  and  who  has  a 
staff  of  surgeons,  also  detailed  from  the  U.  S.  Pubhc  Health  Service. 
Much  of  the  work  of  the  Bureau  in  connection  with  these  subjects  must 
be  done  quietly  and  without  publicity;  the  fullest  information  is  given  to 
the  respective  mining  company  so  that  each  may  apply  its  own  measures 
of  correction. 

The  Bureau  has  published  a  good  deal  of  material  of  a  general  nature 
and  much  more  is  on  the  press.  While  we  were  greatly  indebted  to  the 
South  Africans  in  the  beginning  of  our  w^ork.  just  as  they  were  indebted 
to  the  physiologists  of  Great  Britain  for  the  starting  of  their  work,  the 
Bureau  investigators  have  carried  on  and  developed  their  own  methods. 
They  have  used  x-ray  apparatus  in  making  field  examinations,  in  addi- 
tion to  studying  the  details  of  ventilation.  As  concerns  the  latter,  with 
the  cooperation  of  the  Anaconda  company  at  Butte,  we  are  trying  to 
determine  the  fundamental  formulas  regarding  ventilation,  and  the 
coefficients  of  friction  under  conditions  which  have  been  involved  in 
some  obscurity.  This  follows  immediately  on  work  done  for  the  New 
York-New  Jersey  Tunnel  Commission,  for  which  there  were  very  elabo- 
rate set-ups  in  the  Bureau's  Experimental  Mine  near  Pittsburgh.  Those 
who  are  familiar  with  the  Bureau's  investigations  in  connection  with  this 


404  METAL-MINE  VENTILATION   IN   THE   SOUTHWEST 

important  project  know  that  a  great  deal  of  thorough,  original  work  has 
been  done  which  will  be  of  benefit  not  only  in  similar  projects  but  to  the 
mining  and  metallurgical  industries  in  respect  to  the  health  of  the 
emploj^ees  exposed  to  gases  and  dust. 

It  should  be  fully  understood  that  the  Bureau  of  Mines  is  eventually 
a  service  organization;  the  Director  and  members  of  the  Bureau's  staff 
consider  it  their  duty  to  do  everything  in  their  power  to  help  the  mining 
industry,  particularly  in  problems  which  it  would  be  difficult  for  any  one 
company  to  solve. 

Daniel  Harrington,  Denver,  Colo.^ — Engineers  and  doctors  of  the 
U.  S.  Bureau  of  Mines  have  been  attacking  the  problem  of  metal-mine 
ventilation,  dust,  and  humidity  in  various  parts  of  the  United  States  for 
the  last  five  years.  In  addition  to  Jophn  and  Butte,  we  have  studied  in 
the  Coeur  d'Alene,  in  some  of  the  mines  in  California,  Arizona,  Nevada^ 
Michigan,  Minnesota  and  Alabama,  and  we  have  published  a  few  pam- 
phlets from  time  to  time;  a  more  or  less  general  report  on  ventilation  in 
the  Butte  district  may  be  issued  soon.  The  general  idea  is  to  attack  this 
question  first  from  the  viewpoint  of  health,  follow  that  with  the  influence 
of  that  health  and  comfort  on  efficiency,  and  later  translate  these  results 
into  dollars  and  cents.  The  dollars-and-cents  viewpoint  is,  probably, 
the  most  important  in  the  long  run  because  if  mines  cannot  be  run  at  a 
profit  they  cannot  be  run  at  all.  On  the  other  hand,  the  health  feature 
is  important;  and  cannot  be  wholly  eliminated.  One  of  the  things  that 
we  have  found  is  that  the  ventilation  problem  is  intimately  associated 
with  mine  fires,  which  question  is  of  intense  interest  at  the  present  time. 

The  matter  of  placing  mechanical  ventilating  contrivances  in  mines, 
particularly  in  metal  mines,  has  not  been  strongly  attacked  in  the  United 
States.  Wherever  we  can  bring  to  the  attention  of  the  mining  companies 
the  conditions  existing  in  their  mines,  almost  invariably  the  mines  that 
previously  relied  upon  natural  ventilation  instal  mechanical  equipment. 
I  think  I  can  say  positively  that  we  have  not  yet  made  ventilation 
examinations  in  any  one  state  where  our  work  has  not  been  followed  by 
the  installing  of  mechanical  equipment  and  the  adoption  of  measures 
looking  to  prevention  of  underground  fires  and  proper  handling  of  fires 
should  the}"-  occur. 

Robert  E.  Tally,  Clarkdale,  Ariz,  (written  discussion). — During 
recent  years  considerable  attention  has  been  directed  toward  underground 
ventilation,  but  very  little  consideration  has  been  given  the  dust  problem. 
While  the  best  remedy  for  dust  is  an  air  current  of  suflficient  volume  to 
carry  away  the  dust  quicklj',  how  many  mines  have  made  a  thorough 
investigation  of  the  dust  condition  with  a  view  of  rendering  this  condi- 
tion harmless? 
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I  am  not  prepared  to  discuss  the  dust  problem  in  a  technical  way,  as 
we  have  no  such  problem,  and  I  have  not  given  the  subject  detailed 
thought;  but  every  mining  company  has  a  solemn  duty  to  perform  in  the 
matter  of  protecting  its  employees.  We  hear  so  much  nowadays  of  the 
scarcity  and  inefficiency  of  mine  labor;  this  is  due,  to  some  extent  at  least, 
to  the  fact  that  the  mines  have  not  been  interested  in  making  the  work 
and  Hfe  of  a  miner  more  attractive.  Good  mine  management  consists, 
to  a  considerable  degree,  in  the  payment  of  fair  wages,  maintaining  safe, 
sanitary,  and  healthful  working  conditions,  kind  and  just  treatment  of  its 
employees,  and  consideration  of  the  living  conditions  of  the  men  and  their 
families.  Attention  to  these  details  will  greatly  help  the  labor  situation, 
and  one  of  the  most  important  items  in  the  maintenance  of  good  working 
conditions  is  satisfactory  ventilation. 

Ventilation  to  be  satisfactory  must  be  under  perfect  control.  Used 
or  polluted  air  should  not  travel  through  various  workings  from  one 
level  to  another,  for  after  it  has  traveled  a  few  hundred  feet  it  becomes 
laden  with  dust;  also,  this  system  is  dangerous  in  case  of  fire.  In  a  good 
ventilation  S3'^stem,  an  inlet  is  provided  from  which  the  required  volumes 
of  fresh  air  can  be  taken  out  on  the  different  levels  and  delivered  to  the 
workings  as  needed,  there  is  also  a  special  outlet  raise  or  shaft,  or  other 
workings,  where  spent  air  can  outlet  without  interference. 
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Efficient  Ventilation  of  Metal  Mines* 

By  D,  Harrington,!  E.  M.,  Denver,  Colo. 

(New  York  Meeting,  February,  1922) 

Efficient  ventilation  of  metal  mines  consists  in  having  such  com- 
plete control  of  air  currents  that  there  is  always  supplied  at  places  where 
men  work  suJB&cient  moving  air  to  allow  working  at  maximum  capacity 
without  injury  to  health;  and  in  case  of  underground  fire  or  of  surface 
fire  in  the  vicinity  of  mine  openings,  underground  air  currents  may  be 
quickly  reversed  if  desired,  or  air  may  be  sent  into  or  excluded  from  any 
region  and  fire  fumes  confined  to  only  part  of  the  mine  workings,  instead 
of  penetrating  practically  the  entire  mine. 

Health  and  safety  of  workers  in  mines  as  well  as  proper  safeguarding 
and  operating  efl[iciency  of  mining  properties  are  so  intimately  associated 
with  proper  ventilation  of  mines  (both  coal  and  metal)  that  they  are 
inseparable,  yet  ventilation  is  only  too  frequently  neglected,  especially 
in  metal  mines.  The  metalliferous  operator,  generally  not  confronted 
with  inflammable  gas  or  explosive  dust  which  so  frequently  force  ventila- 
tion of  coal  mines,  usually  disregards  au-  supply  altogether  except  such 
as  may  be  obtained  from  compressed  air;  and  generally,  even  when  atten- 
tion is  given  to  metal-mine  ventilation,  the  au-  currents  rarely  are  found 
where  they  are  needed,  namely,  the  working  places,  especially  the 
working  faces. 

After  several  years'  study  of  miners'  consumption,  the  writer  is 
convinced  that  long  continued  breathing  of  air  impregnated  with  large 
quantities  of  any  kind  of  finely  divided  dust,  such  as  is  found  in  a  large 
number  of  the  working  places  of  our  mines,  will  ultimately  produce 
some  respiratory  disease,  whether  it  be  asthma,  bronchitis,  or  phthisis; 
and  the  progress  of  these  diseases  is  hastened  if  there  are  also  present 
high  temperatures,  high  humidities,  or  harmful  gases  or  if  there  is  present 
(and  allowed  to  remain  to  be  breathed)  large  quantities  of  the  finely 
divided  dust  when  air  temperatures  are  low,  hence  favorable  to  maximum 
performance  of  work  with  accompanied  maximum  breathing  into  the 
respiratory  passages  of  the  harmful  material.     It  is  generally  accepted 

*  Published  with  permission  of  Director,  U.  S.  Bureau  of  Mines, 
t  Super^^sing  Mining  Engineer,  U.  S.  Bureau  of  Mines. 
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that  coal  miners  under  the  age  of  fifty  are  much  more  free  of  these  respira- 
tory diseases  than  are  metal  miners,  and  it  is  practically  certain  that  this 
immunity  of  the  coal  miner  is  due  largely  to  the  fact  that  working  places 
in  coal  mines  are  much  better  ventilated  than  those  of  metal  mines.  A 
close  study  of  dust  conditions  in  metal  mines  convinces  the  writer  that, 
except  for  preventing  formation  of  dust,  the  most  efficient  preventive  of 
undue  dustiness  of  air  breathed  by  metal  mine  workers  is  the  coursing  of 
adequate  currents  of  air  past  the  places  where  dust  is  produced  or  is 
being  thrown  into  the  air — thus  replacing  the  dusty  air  with  dust-free  air. 

Because  of  the  failure  to  remove  poisonous  fumes  from  detonation  of 
explosives  at  confined  working  places,  many  workers  in  these  places 
are  ill  with  headache  or  nausea,  which  reduces  their  vitality  and 
abiht}^  to  work;  not  infrequently  these  fumes  claim  the  lives  of  metal- 
mine  workers.  Failure  to  remove  smoke  from  working  faces  prevents 
the  worker  from  properly  inspecting  overhead  conditions  and  thus 
preventing  many  accidents. 

When  metal  mines  encounter  gases,  such  as  CO2,  nitrogen,  or,  as 
occasionally  occurs,  the  explosive  methane,  inadequate  ventilation  and 
knowledge  of  gases  usually  results  in  hospital  cases  or  fatalities,  or 
possibly  in  occasional  closing  of  the  place  or  the  entire  property  until 
outside  aid  or  information  may  be  secured. 

Metal-mine  operators  generally  see  no  necessity  for  paying  attention 
to  air  distribution  but,  even  of  those  who  admit  the  necessity  of  ventila- 
tion, many  hold  that  they  cannot  afford  such  ventilating  plants  as  are 
found  at  coal  mines;  as  a  matter  of  fact,  they  really  cannot  afford  to 
continue  to  fail  to  ventilate  even  should  the  altruistic  motive  be  disre- 
garded. Very  few  metal  mines  are  immune  from  fire  and  generally 
when  a  fire  occurs,  either  in  the  mine  or  at  buildings  adjacent  to  surface 
openings,  mines  without  ventilation  control  are  helpless  for  hours,  pos- 
sibly days,  during  which  great  damage  is  done;  whereas,  with  efficient 
ventilation  equipment,  there  is  rarely  much  delay  in  overcoming  a 
fire  soon  after  its  discovery.  It  is  the  writer's  opinion  that  even  if 
ventilating  equipment  should  not  be  used  ordinarily,  its  installation  for 
use  in  case  of  fire  would  be  first-class  fire  insurance  at  reasonable  cost; 
in  fact,  one  large  western  metal-mining  company  has  installed  fans 
chiefly  to  be  able  to  control  possible  future  fires. 

In  dead-end  working  places  with  stagnant  air,  the  worker,  generally 
on  a  day's  pay  basis,  loses  a  considerable  part  of  each  shift  waiting 
for  smoke  to  clear  away,  or  works  intermittently  from  illness  due  to 
fumes  from  the  muck  piles ;  or,  if  the  place  is  hot  and  humid,  he  must  rest 
frequently  or  stop  to  wring  perspiration  from  his  clothes  or  go  to  the 
station  or  to  the  level  below  to  get  a  drink  or  cool  off.  Where  miners' 
consumption  or  kindred  diseases  are  found  (caused  largely  through  lack 
of  ventilation),  employment  must  be  provided  for  a  considerable  number 
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of  pensioners  whose  physical  abihty  is  practically  nil  yet  whose  rate 
of  pay  frequently  is  that  of  able-bodied  workers. 

The  above  losses  caused  by  deficient  ventilation  affect  chiefly  the 
mining  companies;  as  much  as  10  to  25  per  cent,  of  a  shift  is  lost  in  cool 
mines  and  as  high  as  50  to  75  per  cent,  in  hot,  humid  mines.  There 
is  no  doubt  that  the  dollars  and  cents  equivalent  of  these  specific 
losses  to  operating  companies  amounts  to  many  million  dollars  annu- 
ally in  our  metal  mines.  In  addition  to  the  above  heavy  financial 
losses  to  the  operators,  the  employees  on  a  contract  basis  lose  a  large 
sum  in  time  lost  while  underground,  and  both  day's  pay  and  contract 
workers  suffer  material  monetary  loss  through  inability  to  work  because 
of  illness.  In  fact,  there  are  few  metal-mining  companies  or  their 
employees  who  do  not  suffer  material  financial  loss,  actual  or  potential, 
by  the  failure  to  establish  and  maintain  a  positive  ventilation  system. 

Necessity  for  Mechanical  Ventilation 

After  about  five  years  spent  largely  in  a  study  of  metal-mine  ventila- 
tion supplementing  over  fifteen  years  spent  in  more  or  less  intimate 
contact  with  ventilation  in  coal  and,  to  a  less  extent,  in  metal  mines, 
the  writer  believes  that  no  mine  (coal  or  metal)  can  be  efficiently  ventil- 
ated without  the  use  of  mechanical  equipment  (especially  fans).  While 
there  are  probably  well-ventilated  mines  with  natural  currents  (that  is, 
without  the  intervention  of  fans  or  other  mechanical  equipment),  he 
has  never  visited  a  property  of  that  description. 

Natural  ventilation  is  dependent  chiefly  on  the  difference  in  tempera- 
ture between  the  outside  air  and  the  underground  rock  and  water;  the 
greater  the  difference,  the  more  pronounced  are  the  quantities  circulating. 
At  times  of  equalization  of  temperature,  there  is  likely  to  be  little  or  no 
air  circulation;  this  is  particularly  the  case  if  the  elevation  of  the  mine 
intake  and  the  return  air  courses  at  the  surface  are  about  equal.  Mines 
with  hot  rock  and  water  temperature  (say  over  80"  F.)  are  likely  to  have 
rather  poor  or  no  circulation  in  summer  and  fairly  good  circulation  in 
winter;  mines  with  rock  or  water  temperature  60°  to  80°  F.  will,  in  general, 
lack  currents  in  summer  and  have  fair  ventilation  in  winter.  Mines 
with  rock  and  water  temperatures  below  60°  F.  will  have  fair  ventilation 
in  the  summer  or  the  winter,  but  the  air  currents  reverse  their  direction; 
in  the  spring  and  fall,  the  air  currents  will  be  sluggish  and  their  direc- 
tion will  probably  change  daily.  Whether  the  underground  rock  and 
water  are  hot  or  cold  or  whether  the  surface  air  is  hot  or  cold,  in  general, 
the  mining  company  dependent  on  natural  ventilation  has  practically  no 
control  of  the  direction  of  the  current,  hence,  in  the  case  of  a  fire,  it  is 
helpless;  and  when  there  is  no  circulation  provided  by  nature's  forces, 
there  is  no  method  available  to  provide  the  necessary  air  to  safeguard 
the  company's  property  or  the  employee's  health  and  safety. 
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Main  Air  Currents 


Each  mine  should  have  at  least  one  fan,  of  comparatively  large 
capacity,  to  control  main  underground  air  currents.  Preferably,  this 
fan  should  be  located  at  the  surface,  in  fireproof  housing,  and  should  be 
so  arranged  that  the  direction  of  currents  may  be  reversed  in  a  very 
few  minutes  by  manipulating  a  few  doors.  The  most  up-to-date  prac- 
tice is  the  installation  of  electrically  driven,  high-speed  fans;  and  where 
gases,  such  as  CO2  or  nitrogen,  come  into  workings  from  strata,  it  may  be 
desirable  to  keep  underground  air  under  pressure.  Local  conditions 
will  determine  whether  the  fan  should  be  operated  as  a  suction  or  as  a 
force  unit,  but,  in  general,  the  main  fans  exhaust  foul  air  from  mine 
workings.  As  a  rule,  it  is  desirable  that  the  main  operating  shaft  or 
tunnel  be  an  intake  and  that  the  fan  should  not  be  located  at  the  main 
operating  shaft  or  tunnel.  Where  possible  to  arrange,  the  main  operating 
(haulage)  shaft  or  tunnel  should  not  be  used  as  a  main  air  course,  but 
this  recommendation  can  seldom  be  carried  out. 

The  main  fan  should  be  kept  running  the  full  24  hr.  instead  of  being 
stopped  when  the  shift  leaves.  If  desirable,  the  air  currents  may  be 
reversed  with  the  seasons  to  take  advantage  of  natural  ventilating 
pressure.  Care  should  be  taken  to  keep  main  air  courses  as  free  as 
possible  of  such  obstructions  as  platforms,  planks,  non-working  cages 
or  skips,  etc.,  in  shafts  or  raises,  and  piles  of  timber,  loaded  or  empty 
cars,  unnecessary  standing  posts,  etc.,  in  crosscuts  and  drifts. 

Smooth  lining  shafts  that  form  the  main  air  courses  will  greatly 
decrease  the  friction  of  the  air  flow  (probably  as  much  as  50  per  cent.). 
If  the  smooth  lining  is  done  by  concreting  or  guniting,  the  shaft  will  be 
practically  fireproof  as  well.  Occasionally,  it  is  feasible  to  remove 
from  main  air-carrying  drifts  or  crosscuts,  timbers  that  are  not  under 
pressure;  if  the  rock  is  gunited,  it  remains  in  place  and  the  air  flow  is 
greatly  facilitated. 

Mines  in  which  many  men  are  employed  should  rarely  have  less  than 
15,000  to  20,000  cu.  ft.  of  air  per  min.,  and  large  mines  should  have 
approximately  15,000  cu.  ft.  per  min.  for  each  100  men  employed,  if  the 
underground  rock  and  water  are  cool,  and  at  least  that  amount  (probably 
more)  per  50  men  if  the  workings  are  hot  (say  over  80''  F.) .  It  is  desirable 
to  divide  a  mine  into  separate  air  splits  each  carrying  15,000  to  20,000 
cu.  ft.  per  min.,  each  spHt  receiving  its  pure  air  from  the  main  intake, 
coursing  it  through  certain  well-defined  workings  having  50  to  100  men 
and  removing  the  used  air  to  the  main  return  air  course,  thence  to  the 
surface  before  it  has  become  excessively  contaminated  by  smoke,  heat, 
humidity,  dust,  etc.  Each  split  should,  at  all  times,  be  kept  absolutely 
separate  from  other  splits. 

Shafts  or  tunnels  that  carry  main  air  currents  into  or  out  of  a  mine 
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and  are  also  used  for  working  purposes  should  have  sufficient  cross- 
sectional  area  so  that  the  velocity  of  the  air  may  be  kept  below  1000  lin. 
ft.  per  min.  with  1500  lin.  ft.  as  a  maximum.  Underground  levels  that 
carry  the  air  for  each  split  of  approximately  15,000  cu.  ft.  per  min. 
should  have  sufficient  area  to  restrict  the  velocity  to  less  than  500  lin. 
ft.  per  min.,  and  a  velocity  of  200  to  300  Hn.  ft.  per  min.  would  be  prefer- 
able. In  figuring  the  area  of  underground  haulage  levels  that  will  be 
used  as  air  courses,  allowance  should  be  made  for  the  effective  area 
absorbed  by  ore  cars,  locomotives,  etc. 

Each  mine  should  be  independent  of  adjoining  mines  for  its  ventila- 
tion. Intermine  ventilation  is  inefficient  at  ordinary  times,  is  likely  to 
result  in  disputes  and  other  inconveniences,  and  forces  one  mine  to  use 
vitiated  air  from  another.  In  the  case  of  mine  fires  intermine  ventilation 
has  repeatedly  caused  deaths  to  men  in  the  mine  that  did  not  have  the 
fire.  While,  generally,  it  is  not  feasible  to  drive  parallel  workings,  as  in 
coal  mining,  to  insure  air  circulation  at  working  faces,  frequently  a  httle 
forethought  in  planning  metal-mine  work,  especially  in  well-established 
mines,  would  greatly  facilitate  handhng  of  air  circulation.  In  many 
mines,  a  lateral  is  driven  in  the  foot  wall  parallel  to  and  only  a  short 
distance  from  a  drift  on  the  vein.  The  lateral,  however,  is  not  driven 
until  long  after  the  completion  of  the  drift;  if  the  two  were  driven  practi- 
cally simultaneously  (with  the  drift  slightly  in  advance  of  the  lateral  to 
determine  the  direction  of  the  latter)  the  working  faces  of  both,  by  use  of 
short  crosscuts  and  line  brattices  (as  in  coal  mining),  could  be  supphed 
with  fresh  circulating  air.  Similarly,  raises,  especially  when  driven  in 
the  vein,  could  be  placed  in  pairs  with  a  small  pillar  between  and  with 
occasional  break-throughs  to  allow  air  circulation. 

The  utility  of  overcasts,  regulators,  and  doors  is  only  sHghtly  recog- 
nized in  metal  mining  in  connection  with  controlhng  air  currents,  par- 
ticularly in  case  of  fires.  The  door,  in  particular,  is  neglected.  Near 
every  main  shaft,  especially  those  carrying  air,  doors  should  be  placed  in 
every  intersecting  level,  so  that  in  case  of  fire  any  level  may  be  readily 
closed,  as  regards  the  shaft,  fire  fumes  prevented  from  spreading,  and  the 
fire  itself  controlled.  All  underground  doors  should  be  well  constructed 
and  air-tight  when  shut;  if  the  air  pressure  is  excessive  the  doors  should 
be  in  pairs  with  air  locks  of  suitable  length  between  them,  so  that  when 
one  door  is  opened  the  other  is  closed  and  maintains  the  pressure.  Every 
door  should  have  a  latch  to  hold  it  closed  in  case  the  direction  of  the  air 
current  should  change.  Where  automatic  contrivances  are  used  with 
doors,  the  door  should  close  rather  than  open  when  the  automatic 
feature  releases.  Any  door  that  must  be  closed  by  persons  after  going 
through  it  is  dangerous,  as  it  probably  will  not  be  closed  at  a  time  of 
panic  caused  by  fire  or  other  emergency.  Doors  constructed  to  allow 
considerable  air  leakage  are  dangerous  at  time  of  fire.     All  doors  should 
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be  of  tight  construction;  if  a  limited  delivery  of  air  is  desired,  a  slide  or 
regulator  should  be  placed  in  the  door. 

Metal-mine  officials  rarely  recognize  the  necessity  of  sealing  abandoned 
workings  in  order  to  force  air  currents  to  live  workings.  The  practice 
of  allowing  intersecting  openings — horizontal,  inclined  or  vertical — to 
remain  open  to  air  circulation,  or  leakage,  dissipates  air  into  places 
where  it  becomes  impregnated  with  fungus  spores,  CO2  from  timber 
decay,  increased  temperature  and  humidity  and  possibly  dust.  Fre- 
quently, it  is  not  needed  in  the  places  where  it  goes  (though  needed  badly 
elsewhere)  and  after  having  become  vitiated  passes  into  places  where 
men  work.  Closing  places  that  are  not  being  worked  would  frequently 
result  in  the  recovery  of  much  material  that  is  now  lost  and  would 
remove  a  common  source  of  danger  to  life  and  limb  in  metal  mines  in 
addition  to  greatly  aiding  ventilation. 

Distribution  of  Air  to  Working  Faces 

Failure  to  transmit  fresh  air  currents  to  working  faces  is  the  most 
noticeable  weakness  of  present-day  metal-mine  ventilation,  and 
unfortunately  this  fault  is  only  too  frequent  even  where  there  is  an 
abundance  of  fresh  air  in  the  main  air  courses.  Only  rarely  does  a 
metal  mine  use  canvas  or  brattice  deflecting  curtains,  fine  brattices,  or 
regulators  to  force  air  into  blind-end  drifts,  crosscuts,  raises  or  stopes; 
yet  frequently  these  agencies  could  be  used  to  advantage.  Compressed 
air  from  machine-drill  exhaust  or  from  an  open  hose  as  a  blower  is  gener- 
ally rehed  on  to  ventilate  such  places;  but  it  nearly  always  proves 
inadequate  and  is  expensive. 

The  usual  compressed-air  blowers,  as  well  as  exhaust  from  compressed- 
air  drills,  release  but  75  to  150  cu.  ft.  of  air  per  min.,  which  is  by  no 
means  sufficient  to  carry  away  the  gases,  humidity,  and  dust  so  nearly 
universally  found  in  confined  working  places  in  the  metal  mines,  as  well 
as  the  high  temperatures  frequently  met  in  those  places.  The  quantity 
of  air  thus  available  is  not  comparable  to  that  brought  by  ordinary 
circulating  methods  to  the  face  of  working  places  in  coal  mines  (usually 
5000  to  as  much  as  15,000  cu.  ft.  per  min.),  nor  to  the  700  to  5000  cu.  ft. 
per  min.  readily  obtainable  in  metal  mines  by  the  use  of  small  fans 
connected  to  galvanized-iron  or  some  form  of  flexible  tubing. 

For  the  ventilation  of  blind-end  workings  with  hot  rock  or  water, 
hence  with  hot  humid  air,  during  the  past  few  years,  small  electrically 
driven  fans  (generally  with  motor  direct  connected  to  fan  shaft)  have 
come  into  extended  use  for  forcing  air  through  canvas  or  some  flexible 
tubing  to  the  working  faces.  From  700  to  5000  cu.  ft.  per  min.  are  thus 
readily  placed  near  the  face  and  the  worker  not  only  has  sufficient  com- 
paratively fresh  cool  air  to  remove  the  gases  and  dust,  but  the  compara- 
tively high  velocity  (generally  several  hundred  linear  feet  per  minute) 
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supplies  evaporation  to  overcome  harmful  effects  of  highly  heated  and 
excessively  humid  air,  body  perspiration,  etc. 

After  much  experimentation,  by  the  cooperation  of  manufacturers  of 
fans  and  mining  companies,  it  has  been  found  that,  when  used  with 
flexible  tubing,  the  ordinary  commercial  fans  are  not  as  efficient  as  fans 
of  similar  construction  but  only  one-half  or  two-thirds  the  width.  Such 
fans  deliver  essentially  the  same  quantity  of  air  as  the  fan  of  commercial 
size  with  about  30  per  cent,  saving  in  power.  One  company  adopted  as 
standard  8-in.  flexible  tubing  with  a  fan  driven  by  a  3-hp.  motor  when 
the  distance  for  air  delivery  is  not  over  200  ft. ;  12-in.  diameter  tubing  with 
a  fan  connected  to  a  5-hp.  motor  when  the  distance  is  not  over  500  ft.; 
and  16-in.  tubing  with  a  fan  driven  by  a  10-hp.  motor  for  distances  over 
500  ft.     In  each  case  air  velocity  is  about  2000  ft.  at  the  end  of  the  pipe. 

One  mining  company  found  driving  200-ft.  raises  in  hot  rock  (between 
95°  and  110°  F.)  an  almost  impossible  undertaking  because  of  hot  humid 
air  and  dangerous  siliceous  dust,  but  using  direct-connected  fans  with 
3-hp.  motors  to  force  air  from  a  point  near  the  foot  of  the  raise  through 
an  8-in.  flexible  tubing  into  the  raises,  keeping  the  tubing  close  to  the 
worker,  cleared  those  places  of  dust  and  hot  air  and  converted  the  raises 
into  comfortable  places.  This,  together  with  placing  a  large  surface 
fan  and  adopting  a  system  of  splitting  the  air  currents,  assured  the  prac- 
ticability of  working  this  property  for  many  years,  even  if  hotter  rock 
is  encountered  with  greater  depth. 

A  pipe  introduced  on  the  Rand  for  ventilating  headings  has  some 
advantages  over  galvanized-iron  and  canvas  pipe,  according  to  S.  de 
Smidt.^  This  pipe  is  made  of  concrete,  reenforced  with  wire  netting,  in 
6-ft.  or  8-ft.  lengths,  and  is  1  in.  thick  for  12-in.  pipe.  Sleeves  about 
4  in.  wide  are  used,  to  cover  the  joint  between  the  pipe;  soft  clay  is 
pressed  into  the  joint,  and  from  time  to  time  inspected  and  tightened. 
The  sleeves  have  the  advantage  of  permitting  gradual  bends,  and  if 
necessary,  special  curved  shapes  may  be  made.  The  pipe  is  laid  on  the 
floor,  which  is  another  advantage  as  it  can  be  covered  with  loose  material 
and  thus  protected  from  falls  of  rock.  The  greatest  advantage,  how- 
ever, is  that,  the  concrete  being  a  non-conductor,  there  is  less  heating 
of  the  air  in  traveling  long  distances  to  a  hot  level.  If  conditions  favor 
exhausting  the  air  through  the  pipe,  in  the  case  of  gases  being  given  off 
at  the  face,  either  from  the  strata  or  from  blasting,  this  pipe  can  be 
used,  whereas  long  lengths  of  cloth  pipe  would  not  be  as  satisfactory. 
A  movable  length  of  cloth  pipe  at  the  end  of  the  concrete  pipe  might  be 
necessary  for  bringing  the  pipe  close  to  the  face;  and  this  short  piece,  if 
used  for  exhaust  purposes,  could  be  reenforced  with  ribs. 

*  S.  de  Smidt,  deputy  inspector  of  mines,  Department  of  Mines  and  Industry, 
Union  of  South  Africa,  in  conversation  with  Geo.  S.  Rice,  chief  mining  engineer,  U.  S. 
Bureau  of  Mines. 
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In  many  mines,  especially  in  open  stopes,  there  is  sufficient  air  circula- 
tion to  remove  smoke,  gases,  and  possibly  the  most  dangerous  dust  from 
working  faces,  but  the  velocity  is  less  than  25  ft.  per  min.,  hence  not 
sufficient  to  afford  relief  to  perspiring  workers  if  the  temperature  and 
humidity  are  high.  To  meet  this  situation,  a  compressed-air  driven 
fan  has  been  devised  along  the  principle  of  the  small  electrically  driven 
fans  used  in  business  offices.  This  fan  weighs  about  50  lb.,  is  readily 
connected  to  ordinary  compressed-air  hose,  consumes  about  20  to  30 
cu.  ft.  per  min.  of  compressed  air  and  gives  a  velocity  of  about  1500  lin. 
ft.  at  the  fan  with  a  velocity  of  200  to  500  lin.  ft.  per  min.  20  to  25  ft. 
from  the  fan.  After  a  fan  of  this  description  was  placed  in  a  stope  with 
saturated  air  92°  F.  the  miner  worked  continuously  in  apparent  comfort; 
whereas  previous  to  its  installation,  he  went  out  of  the  stope  regularly 
for  a  15  to  20-min.  rest  after  having  worked  about  that  length  of  time. 
This  arrangement  consumes  only  about  one-fourth  as  much  compressed 
air  as  the  ordinary  compressed-air  blowers  and  affords  much  greater 
relief  with  only  a  fraction  of  the  operating  cost  of  the  blower. 

Cost  and  Returns 

The  cost  of  installing  a  ventilation  system  in  a  metal  mine  is  variable, 
yet  under  ordinary  conditions  it  should  not  be  particularly  burdensome; 
generally,  if  any  considerable  number  of  men  are  employed,  the  savings 
effected  greatly  overbalance  the  cost.  The  recently  perfected  ventilation 
installation  at  the  Colorado  mine  at  Butte,  Mont.,^  cost  over  $70,000, 
but  shortly  after  its  installation  it  was  found  that  the  saving  in  electrical 
power  for  compressing  air  was  about  $18,000  per  year.  In  addition  to 
several  indirect  benefits  realized,  the  average  efficiency  of  all  under- 
ground employees  was  increased  at  least  50  per  cent.  In  a  conver- 
sation with  the  writer,  Mr.  Bruce  stated  that  with  the  mine  working 
to  its  normal  capacity  (two  full  shifts),  the  various  savings  effected 
through  the  ventilation  installation  would  readily  return  its  entire  cost  of 
over  $70,000  at  least  once,  and  probably  twice,  annually. 

This  installation  was  abnormal  in  that  it  demanded  the  driving  of 
nearly  ^  mi.  of  underground  workings  in  addition  to  the  placing  of  a  fan. 
In  general,  a  substantial  ventilation  installation  for  a  comparatively 
large  metal  mine  can  be  established  for  less  than  $15,000  and  generally 
for  not  much  over  $5000.  It  requires  roughly  1.5  to  2  hp.  to  circulate 
1000  cu.  ft.  of  air  per  min.  through  an  ordinary  metal  mine  and  about 
3  hp.  to  force  1000  cu.  ft.  per  min.  through  tubing  to  ventilate  blind  ends. 

If  equal  quantities  are  considered,  it  will  cost  about  100  times  as 
much  to  ventilate  by  compressed  air  as  by  fan;  in  some  cases,  the  ratio 
will  be  as  high  as  200  to  1.     However,  as  only  about  one-tenth  to  one- 

'J.  L.  Bruce:  Octagonal  Ventilation  Shaft  of  Davis-Daly  Copper  Co.  Trans. 
(1921)  66,  252. 
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twentieth  as  much  compressed  au"  is  supphed  as  when  ordinary  air- 
circulating  methods  are  used,  the  cost  of  ventilating  blind  ends  by 
compressed  air  is  from  ten  to  twenty  times  as  great  as  by  fan  methods, 
with  the  additional  disadvantage  that  rarely  is  ventilation  by  com- 
pressed air  jets  or  blowers  efficient. 

A  most  uncomfortable  part  of  a  mine,  in  which  about  thirty  men  were 
employed  on  each  of  two  shifts  in  dead  air  with  a  temperature  over  90°  F. 
and  saturated  with  moisture,  could  be  worked  only  by  paying  a  bonus  of 
about  SI  per  man  per  shift  to  workers  who  were  able  to  deliver  about 
one-third  to  one-half  eflficiency;  moreover,  the  labor  turnover  was  several 
hundred  per  cent,  monthly,  a  combination  giving  slow  progress  and 
extremely  high  costs.  Two  electricallj^  driven  fans,  each  connected  to 
about  600  ft.  of  flexible  tubing,  were  installed,  each  fan  consuming  about 
7.5  hp.  at  a  total  monthly  power  cost  of  about  S30.  The  tubing 
cost  about  50  c.  per  ft.  in  place,  or  about  S600.  On  account  of  hot, 
humid,  w^et  conditions,  the  tubing  had  to  be  replaced  about  every  four 
months  so  that  it  cost  about  $150  per  month,  making  the  operating  cost 
of  the  ventilation  sj^stem  about  $200  per  month.  After  the  ventilation 
system  was  put  into  effect,  the  bonus  was  withdrawn  but  the  amount  of 
material  moved  per  man  per  day  was  almost  exactly  doubled,  and  the 
labor  turnover  was  reduced  to  essentially  that  of  other  properties. 
The  saving  due  to  the  withdrawal  of  the  bonus  amounted  to  over  $1500 
per  month,  which  not  only  cares  for  the  monthly  cost  of  operating  the 
ventilation  S3'stem  but  more  than  wipes  out  the  entire  first  cost  of  the 
system  each  month. 

Supervision 

The  installation  of  a  ventilating  system  in  an  established  metal 
mine  having  extensive  workings  should  be  entrusted  to  an  engineer 
familiar  with  ventilation  problems.  After  the  fan  has  been  placed  in 
position  (and  it  should  invariably  be  arranged  that  the  direction  of  the 
air  currents  may  be  reversed  with  minimum  delay  and  effort),  the  super- 
vision of  fan,  doors,  regulators,  and  other  equipment  and  all  situations 
with  respect  to  air  circulation  should,  at  least  for  a  large  mine,  be  placed 
in  the  hands  of  one  person  who  would  have  few,  if  any,  duties  other  than 
those  pertaining  to  ventilation.  This  person  will  have  sufficient  duties 
to  keep  him  busy.  He  should  keep  in  touch  with  proposed  development 
work  and  have  ready  ventilation  plans  together  with  necessary  equip- 
ment, supplies,  etc.  He  should  take  measures  to  prevent  return  vitiated 
air  from  mixing  with  intake  air  shafts;  in  some  so-called  well-ventilated 
mines  50  to  75  per  cent,  of  the  air  sent  to  the  workers  is  recirculated 
vitiated  air.  The  placing  of  small  fans  connected  to  tubing  can  be 
supervised  so  that  these  installations  are  made  fireproof  (even  if  the  in- 
stallation is  only  temporary);  the  fan-intake  air  should  be  kept  free  of 
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return  air  and  the  tubing  should  be  kept  in  place  and  in  repair,  and  the 
end  kept  sufficiently  close  to  the  working  face  to  be  of  benefit  to  workers. 
Doors  should  be  located  correctly  to  control  air  currents  both  at  ordinary 
times  and  in  case  of  fire;  they  should  be  free  of  leakage,  be  kept  closed 
positively  by  latch  or  otherwise,  and,  if  necessary,  disciplinary  measures 
should  be  enforced  to  compel  all  persons  to  respect  doors  and  rules 
governing  them.  Fans  should  be  inspected  and  kept  clean  and  in  repair; 
such  apparent  trifles  as  occasionally  cleaning  fan  blades  of  grease  and  mud 
have  a  great  effect  on  fan  delivery.  Places  not  working  temporarily  or 
abandoned  permanently  should  be  sealed  by  canvas,  gunite,  concrete 
bulkhead,  or  otherwise,  to  prevent  loss  of  air  needed  in  active  workings 
and  to  prevent  vitiated  air  from  abandoned  places  from  mixing  with  air  to 
be  used  in  active  workings.  Sprays  of  cool  water  in  intake  shafts, 
drifts,  and  crosscuts,  or  in  pipes  transmitting  air  aid  in  forwarding  air 
currents  by  cooling  them  and  eliminating  dust  from  them.  A  map  show- 
ing ventilation  features,  including  location  of  fans,  doors,  overcasts,  etc., 
as  well  as  direction  of  air  currents  should  be  kept  up  to  date.  In  a  com- 
paratively small  mine,  supervision  of  ventilation  may  be  given  to  one 
person  such  as  surveyor,  or  a  technically  trained  shift  boss,  who  could 
also  perform  his  other  duties;  it  is  poor  policy  not  to  have  specific  super- 
vision over  ventilation  or  to  have  the  responsibility  divided  among 
several  shift  or  other  bosses. 

Conclusion 

This  paper  has  been  able  to  touch  on  only  a  comparatively  few  points 
in  connection  with  ventilation  of  metal  mines,  considering  safety  and 
health  only  to  a  slight  extent,  with  intent  to  concentrate  on  suggestion 
of  desirable  methods  to  obtain  efficient  metal-mine  ventilation,  with  a 
slight  amount  of  attention  to  costs  and  results  translated  into  dollars  and 
cents.  There  are  many  phases  of  the  subject  that  deserve  a  separate 
paper,  such  as  the  relative  advantage  of  various-shaped  shaft  cross- 
sections  and  various  methods  of  smooth-lining  and  fireproofing  of  shafts, 
shaft  stations  and  other  places;  the  various  features  entering  into  matter 
of  selection  and  placing  of  main  fan,  whether  on  surface  or  underground, 
whether  direct  connected  or  belt-driven,  whether  to  provide  for  reversing 
of  air  currents,  etc.  Another  subject  of  vital  moment  is  whether  a  main 
working  shaft,  drift,  or  tunnel,  shall  be  the  intake  or  the  return.  In 
conclusion,  it  is  suggested  that  those  interested  in  metal-mine  ventilation 
carefully  read  Mr.  Bruce's  paper  heretofore  mentioned.  He  shows  that 
it  pays  to  ventilate,  even  when  the  preliminary  work  is  expensive;  he  also 
gives  data  showing  the  utility  of  circular  or  octagonal  shafts  for  air 
delivery  against  rectangular  shapes;  gives  the  advantage  of  smooth- 
lining  over  ordinary  timber-exposed  shafts;  and  interesting  frictional 
coefficients,  costs  and  other  data. 
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DISCUSSION 

R.  E.  Simpson,*  Hartford,  Conn,  (written  discussion). — It  is  true 
that  the  failure  to  remove  smoke  from  the  working  faces  prevents  ade- 
quate inspection  and,  therefore,  opportunity  to  provide  protection  against 
dangerous  overhead  conditions.  The  presence  of  smoke  affects  the 
accident  rate  in  another  way.  It  is  a  known  fact  that  the  human  element 
is  responsible  for  more  than  three-fourths  of  our  accidents  and  of  this 
three-fourths  the  physical  and  mental  conditions  of  the  workers  are 
influential  factors.  A  man  whose  mental  processes  are  somewhat  laggard, 
when  working  at  an  unguarded  punch  press,  is  a  distinct  hazard  because 
his  muscular  responses  will  not  always  be  in  rhythm  with  the  motion  of 
the  press.  The  removal  of  smoke  and  the  hot  moisture-laden  vitiated 
air,  in  one  case,  increased  the  productive  capacity  of  the  workers  from  15 
to  45  per  cent.  When  these  conditions  are  not  alleviated  by  ventilation, 
there  is  an  adverse  effect  on  the  workers'  mental  capacity;  and  this  com- 
bined with  his  muscular  sluggishness  is  directly  reflected  in  a  higher  acci- 
dent rate  than  that  which  prevails  in  a  well-ventilated  mine.  Efficient 
ventilation  is,  therefore,  desirable  both  from  a  productive  and  a  safety 
viewpoint. 
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Sampling  and  Estimating  Zinc  and  Lead  Orebodies 
in  Mississippi  Valley 

By  W.  F.  Boericke,  Chicago,  III. 

(New  York  Meeting,  February,  1922) 

The  character  of  the  Wisconsin  orebodies  must  be  clearly  understood 
to  appreciate  the  difficulties  encountered  in  sampling  and  estimating 
them.  Unlike  the  western  vein  deposits,  they  do  not  lie  between  regular 
walls,  but  form  large,  often  highly  irregular  bodies,  on  a  single  floor  in  the 
so-called  Galena  limestone.  The  bottom  of  the  ore  is  nearly  always  on 
the  clay  bed  (a  flat  generally  well-defined  clay  seam  a  few  inches  thick) 
which  marks  the  junction  of  the  base  of  the  Galena  lime  and  the  top  of 
the  next  formation,  the  Trenton  lime.  Above  the  clay  bed,  the  orebodies 
make  the  unique  pitch  and  flat  formation  described  by  Chamberlin.^ 
Theoretically,  we  should  find  two  pitches,  one  on  either  side  of  the  top 
crevice,  diverging  as  they  go  down,  with  the  final  flats  a  considerable 
distance  apart  on  the  clay  bed.  The  area  between,  known  locally  as 
core  ground,  should  thus  constitute  a  single  defined  orebody,  with  the 
richer  portions  near  the  pitches  and  the  leaner  portion  in  the  center 
of  the  core.  Practically,  we  find  few  examples  of  this  perfect  orebody. 
Almost  invariably  one  pitch  is  better  defined  than  the  other,  and  often 
the  opposite  pitch  is  marked  only  by  a  faint  fine  of  fracture  showing 
stronger  mineralization  than  the  wall  rock,  or  it  may  be  totally  lacking. 

But  with  an  orebody  of  any  size  or  richness,  at  least  one  strong  pitch 
usually  tends  to  follow  an  east-west  trend,  or  a  quartering  course.  Late 
mining  developments  in  the  rich  New  Diggings  field  indicate  that  these 
pitches  often  assume  a  horseshoe  or  crescent  shape,  the  richer  ore  being 
in  the  heart  of  the  crescent  and  the  pitches  showing  less  mineralization 
as  they  extend  outwards.  In  the  northern  end  of  the  field,  on  the 
contrary,  the  pitches  maintain  generally  a  consistent  direction,  and  have 
been  mined  for  thousands  of  feet  from  the  shaft.  The  length  of  the 
orebody  may  be  several  thousand  feet,  the  height  varying  from  10  to  60 
ft.  and  the  width  from  60  to  250  ft.  In  fact,  on  the  core  side,  there  is 
no  definite  end  to  the  ore.  The  mineralization  simply  gets  thinner  and 
thinner,  and  the  limit  of  working  depends  on  the  cost  sheet  and  the 
profit  from  the  recovery. 

^  Geology  of  Wisconsin.     Wisconsin  Geol.  Survey. 
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The  mines  are  worked  almost  universally  with  underhand  (breast) 
stoping,  using  a  room-and-pillar  method  for  carrying  the  ground.  In 
most  cases,  a  drift  is  carried  along  the  edge  of  the  ore  in  advance  of  the 
stopes,  and  new  stopes  are  opened  up  on  the  pitch  as  needed.  These 
open  stopes  are  frequently  of  great  extent,  sometimes  40  to  80  ft.  high 
and  40  ft.  wide  between  pillars. 

Obviously  it  is  impossible  to  sample  such  a  stope  by  the  usual  methods, 
on  account  of  the  rapid  changes  in  the  richness  of  the  pitches.  Long 
practice  and  experience  in  the  field,  however,  enable  the  mine  operators 
to  make  surprisingly  good  estimates  of  their  ground  and  the  probable 
mill  recovery,  from  visual  examination  alone;  and  by  drawing  proper 
amounts  of  dirt  from  the  different  stopes,  a  generally  consistent  mill 
feed  is  obtained. 

It  is  of  course  apparent  that  the  mill  recovery,  in  itself,  gives  only  an 
approximate  idea  of  the  ground,  as  this  recovery  will  vary  from  day  to 
day  depending  on  the  richness  of  the  ore  and  on  the  ease  with  which  the 
lead  and  zinc  may  be  separated  on  the  jigs  from  the  gangue  rock.  In 
other  words,  with  free  milling  ores,  the  recovery  may  be  good,  and  with 
very  chatty  ores  the  recovery  may  be  poor,  from  ground  showing  origi- 
nally the  same  mineral  content.  Yet  in  the  absence  of  elaborate  and 
costly  sampling  of  the  mill  feed  and  tailings,  slimes,  and  overflow  waters, 
the  mill  recovery  serves  as  a  rule  of  thumb  to  determine  the  mineral 
content  of  the  ground,  and  is  so  regarded  by  the  operators.  I  do  not 
know  of  a  case  where  an  effort  was  made  to  sample  the  ground  by  under- 
ground methods  alone.  Reliance  is  always  placed  on  visual  examination 
of  the  ore  faces,  supplemented  by  known  mill  recoveries. 

Churn-drill  holes,  spotted  in  advance  of  the  heading  or  stope,  gives 
the  most  reliable  method  of  sampHng  or  estimating  an  orebody.  This  is 
an  expensive  way  to  get  the  information  and  is  only  used  when  it  is 
necessary  to  drill  out  additional  ore,  or  to  prospect  with  the  idea  of  acquir- 
ing new  leases  or  new  ground  for  mining.  In  most  cases,  the  drilling 
precedes  the  actual  development  and  mining  of  the  orebody,  so  that  from 
a  careful  record  and  study  of  the  drill  logs,  a  tolerably  good  idea  is  gained 
of  the  mineral  content  of  the  ground,  both  as  regards  mill  recovery  and 
grade  of  concentrates,  and  the  height  of  stopes,  direction  and  dip  of 
pitches,  character  of  the  back,  etc. 

When  it  is  determined  to  drill  ahead  of  an  existing  stope,  a  drill  is 
spotted  according  to  a  careful  survey  about  50  to  100  ft.  ahead  of  the 
stope,  along  the  general  direction  of  the  range.  Knowing  the  respective 
elevation  of  the  surface  and  the  back  of  the  stope,  the  drill  man  is  in- 
structed to  cut  down  to  2  or  3-ft.  runs  when  he  reaches  the  depth  where 
he  should  get  the  top  of  the  ore.  All  sludgings,  thereafter,  are  carefully 
sampled  and  saved  for  subsequent  examination  and  assay  by  the  drill 
engineer  in  charge  of  the  work.     The  drilling  is  continued  until  the  clay 
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bed,  or  glass  rock,  the  next  formation,  is  reached,  regardless  of  whether 
the  ore  continues  down  or  not.  The  drill  engineer  makes  a  log  of  the 
hole,  for  office  use,  noting  particularly  the  character  of  the  ground,  with 
any  change  of  formation,  the  amount  of  zinc,  lead,  and  marcasite  (known 
locally  as  suKur),  the  presence  of  open  ground  and  crevices,  the  water 
level,  and  particularly  how  the  ore  occurs  (as  sheet,  disseminated,  or 
crevice  ore)  and  any  other  items  of  interest  that  may  help  to  interpret 
the  hole.     The  record  of  a  typical  drill  hole  might  run  as  follows: 

Martin  Lease 

Hole 46  Started,  June  20,  1919 

Location 50  ft.  south  of  45  Finished,  June  25,  1919 

Elevation 846  Drilled  by,  Stevens 

Oil  rock 720  Examined  by,  W.  F.  B. 

Water  level  ...     70  ft. 

0-10     Clay 

10-46     Brown  rock,  flints 
46-80    Hard  gray,  little  sulfur 
80-96    Gray  lime,  Uttle  sulfur  and  lead 
96-100  Gray,  good  zinc,  fair  lead 
100-102  Opening,    lost    cuttings,    strong 

water 
102-110  Gray,  fair  zinc,  fair  sulfur 
110-116  Blue  rock,  little  zinc,  good  sul- 
fur 
116-126  Blue  rock,  good  zinc,  good  sul- 
fur 
126-130  Soft  oil  rock,  little  zinc,  consider- 
able sulfur 
130-131  Clay  bed. 

From  the  log  and  assays  of  the  drill  hole,  the  mineral  content  of  the 
ground  can  be  readily  calculated,  in  terms  of  ZnS  and  FeS2.  Taking  the 
above  as  an  example  we  should  have: 

Zn 

96-100 8.0 

102-110 5.5 

110-116 3.5 

116-126 7.0 

262.4  359.4 

So,  for  28  ft.  of  ground  the  average  will  be  9.3  per  cent.  ZnS,  and 
12.8  per  cent.  FeS2.  Although  no  cuttings  were  recovered  from  100  to 
102  ft.,  it  is  safe  to  include  them  and  figure  on  30  ft.  of  ground  to  work. 

The  mill  recovery,  if  the  zinc  and  marcasite  are  free  milling,  will  be 
about  70  per  cent,  for  the  zinc  and  50  per  cent,  for  the  iron.     Using  these 


Assays 

Zinc, 
Per  Cent. 

Iron, 
Per  Cent. 

96-100 

..       8.0 

2.2 

102-110 

..       5.5 

5.5 

110-116 

..       3.5 

6.0 

116-126 

..       7.0 

8.0 

126-130 

..       2.0 

10.0 

ZnS 

Ore,  Feet 

Fe 

FeSj 

Ore,  Feet 

11.7 

46.8 

2.0 

4.3 

17.2 

8.0 

64.0 

5.5 

11.8 

94.4 

5.1 

30.6 

6.0 

12.8 

76.8 

12.1 

121.0 

8.0 

17.1 

171.0 
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ratios,  this  ground  will  show  a  recovery  of  6.5  per  cent.  ZnS  and  6.4  per 
cent.  FeS2,  about  13  per  cent,  "dirt."  The  concentrates  should  run 
about  35  per  cent.  Zn. 

It  must  be  understood  that  these  calculations  are  in  no  sense  exact. 
They  are  approximations  and  much  depends  on  the  examining  engineer's 
judgment  of  the  appearance  and  character  of  the  cuttings,  and  the  care 
with  which  the  hole  was  drilled  and  sampled.  It  is  easy  to  salt  a  drill 
hole  by  carelessness  in  saving  the  sludgings;  and  if  the  water  is  heavy, 
a  run  may  appear  to  be  much  richer  than  subsequent  mining  will  show. 
Similarly,  open  ground  may  carry  away  much  of  the  rich  ore,  leaving  only 
a  small  sample  of  what  should  be  a  rich  run.  Even  more  important  is  the 
ability  to  size  up  the  character  of  the  ore  and  the  formation  in  which  it 
occurs.  Chatty  or  disseminated  ore  may  assay  well,  but  the  subsequent 
mill  recovery  may  be  disappointing,  whereas  a  small  run  of  sheet  jack 
may  surpass  expectations.  Careful  visual  examination  of  the  cuttings 
by  an  experienced  man  is  worth  fully  as  much  as  assays  and  is  sometimes 
to  be  preferred. 

After  the  first  hole  has  cut  ore,  the  next  is  usually  a  crosscut  hole,  at 
right  angles  to  the  strike  of  the  pitch.  Knowing  the  dip  of  the  pitch,  the 
engineer  will  expect  to  get  ore  in  his  crosscut  hole  at  a  higher  or  lower 
elevation  than  in  the  first,  and  on  plotting  these  holes  in  cross-section,  he 
can  determine  whether  or  not  the  range  is  turning,  and  can  spot  his  follow- 
ing holes  with  this  in  mind. 

Blank  holes  will  indicate  the  outside  of  the  range  and  lean  holes  an 
approach  to  the  edge.  .When  the  work  is  completed,  lines  can  be  drawn 
approximating  the  lateral  extent  of  the  orebody.  From  the  stope  heights 
in  the  various  holes,  the  average  vertical  section  can  be  figured  and  the 
cubic  contents  of  the  block  and  tonnage  calculated. 

Such,  in  brief,  is  the  ordinary  procedure  in  estimating  the  orebodies  in 
Wisconsin.  In  general,  the  results,  as  shown  by  subsequent  mining  and 
milling  practice,  have  been  reliable,  but  there  are  many  cases  of  failure. 
This  often  has  been  due  to  the  failure  to  recognize  the  character  of  the 
ore  (that  it  is  not  free  milling)  or  of  the  ground,  especially  in  disseminated 
deposits.  Either  condition  may  give  higher  assays  than  will  be  shown  in 
subsequent  development.  It  pays  to  be  reasonably  conservative  in 
reporting  on  drill  holes,  and  invariably  to  disregard  rich  runs  and  assays 
if  they  do  not  indicate  a  consistent  mineralization  of  the  ground,  as 
checked  out  by  other  holes.  In  other  words,  a  single  isolated  rich  run 
in  a  drill  hole,  if  not  shown  in  crosscut  holes  when  logically  expected, 
should  be  disregarded  in  estimates.  Beware  of  orebodies  with  "freak" 
drill  holes.  Cases  are  known  where  a  hole  passed  through  a  rich  sheet 
of  ore  but  failed  to  show  good  sludgings,  because  a  break,  or  open  crevice, 
in  the  rock  let  the  cuttings  get  away.  I  have  seen  a  6-in.  flat  cave 
literally  packed  with  cuttings  from  a  rich  sheet  of  ore  through  which 
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the  hole  had  passed,  without  recovering  anything.  A  good  drillman, 
however,  will  be  on  the  lookout  for  all  openings  and,  if  any  is  found 
near  by,  a  poor  run  may  be  given  more  consideration  than  it  would 
otherwise  warrant. 

Diamond  drilling  has  been  tried  in  Wisconsin,  but  found  unsuit- 
able on  account  of  the  nature  of  the  ground  and  the  difl&culty  in 
recovering  cores. 

Prospect  drilling,  once  ore  has  been  found,  can  be  overdone.  In  the 
enthusiasm  of  getting  results  and  finding  good  ore,  much  money  can  be 
spent  in  obtaining  information  that  would  probably  be  learned  in  sub- 
sequent development  work,  and  with  more  certainty.  Where  such 
information  will  save  considerable  unnecessary  prospecting  underground, 
the  case  is  different;  but  holes  can  be  spotted  merely  to  settle  academic 
points  that,  although  interesting  in  aiding  to  calculate  tonnages,  will 
cost  more  than  the  information  is  worth.  It  is  not  worth  while  trying 
to  delimit  an  orebody  too  sharply,  once  the  approximate  extent  is 
known,  and  a  profit  from  the  operation  is  in  sight.  Subsequent  drill- 
ing, if  needed,  can  probably  be  better  spotted  in  the  light  of 
underground  development. 

DISCUSSION 

J.  Parke  Channing,  New  York. — Practically  identical  conditions 
are  found  in  the  Lake  Superior  copper  mines.  The  Kearsarge  lode  has 
been  continuously  operated  for  a  number  of  years;  the  yield  varies  from 
18  to  possibly  24  lb.  of  copper. 

It  is  absolutely  impossible  to  do  any  sort  of  hand  sampling  on  a  lode 
of  this  kind,  the  average  thickness  of  which  is  about  14  ft.,  so  we  rent  a 
stamp-head  from  one  of  the  operating  properties  and  as  we  drive  our 
drifts  on  the  various  levels  depend  on  the  judgment  of  the  foreman  as  to 
what  is  copper  rock.  The  copper  rock  is  sent  up  separately  and  when 
sufficient  has  been  stored  it  is  run  through  one  of  the  heads.  The  weight 
is  known  and  the  yield,  and  these  are  correlated  with  the  total  amount  of 
rock  taken  from  the  opening.  Undoubtedly  there  is  a  great  deal  of 
copper  in  the  portion  rejected  as  poor  rock;  but  it  is  almost  impossible 
to  determine  what  that  is. 

In  running  drifts,  they  are  usually  made  wide  so  that  a  triangle  may 
be  cut  out  in  the  foot  wall  and  occasionally  in  the  hanging  wall.  When 
calculations  are  made,  we  are  able  to  get  some  rough  approximation  as  to 
the  yield  of  the  rock.  But  of  course  many  other  factors  enter  into  the 
mining,  such  as  when  you  stope  whether  some  of  the  rock  will  be  left 
behind  because  of  its  low  grade  or  because  pillars  are  needed. 

In  the  very  flat  lodes,  the  rock  must  be  brought  down  by  a  mechanical 
scraper;  if  too  many  pillars  are  left  either  for  support  or  because  they  are 
considered  too  poor  to  mine,  they  will  interfere  with  the  scraper.     You 
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can  see  the  extreme  difficulty  there  is  in  dctcrniining  grade  in  ore  of  this 
kind.  In  going  through  a  mine  that  is  opened  up,  a  person  must  rely- 
largely  upon  the  eye,  the  feel  of  the  rock,  and  his  experience  in  the 
particular  lode  being  examined. 

Arthur  Thacher,  St.  Louis,  Mo. — In  some  parts  of  the  Joplin  and 
Miami  fields,  and  to  a  certain  extent  in  southeast  Missouri,  they  use  the 
drill,  but  those  familiar  with  the  mine  in  that  particular  location  judge 
more  from  the  appearance  of  the  rock  than  from  any  assays.  The 
most  successful  mine  opened  there  only  had,  from  the  lead  content,  one 
fair  hole  in  the  drilling  and  most  of  the  holes  lacked  all  traces  of  lead  and 
were  clearly  not  w'orkable,  and  still  that  was  one  of  the  largest  mines  in 
the  district. 
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Diamond-drill  Sampling  Methods 

By  Robert  Davis  Longyear,*  Minneapolis,  Minn. 

(New  York  Meeting,  February,  1922) 

In  diamond-drill  work,  a  true  sample  consists  of  all  the  material  cut 
by  the  bit — both  core  and  cuttings.  As  the  recovery  of  this  sample  is  the 
object  of  diamond  drilling,  the  utmost  care  should  be  taken  to  secure  it. 
Speed  of  drilling  and  low  costs  are  of  little  value  if  an  inaccurate  sample  is 
obtained.  The  engineer  in  charge  must  study  his  material  and  lay  out 
the  plan  of  sampHng,  and  then  see  that  the  drill  runner  follows  his 
instructions;  for  the  runner  may  be  more  interested  in  obtaining  a  large 
footage  than  in  developing  accurate  methods  of  sampling. 


Fig.  1. — Core  rox. 

When  the  core  has  been  removed  from  the  core  barrel,  it  should  be 
placed  in  a  core  box  in  the  exact  order  in  which  it  is  taken  from  the 
ground.  This  box.  Fig.  1,  is  usually  a  shallow  tray  4  or  5  ft.  (1.2  or 
1.5  m.)  long,  with  partitions  running  lengthwise  between  which  the  core 
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fits  snugly.  It  is  so  designed  that,  after  the  cover  is  fastened  in  place, 
the  core  will  retain  its  position  when  the  box  is  moved.  As  the  core 
from  each  run  is  placed  in  the  box,  a  wooden  block,  upon  which  the  depth 
of  the  hole  is  written,  should  be  placed  after  the  last  piece  of  core.  Each 
run  is  thus  separated  and  shows  the  exact  depth  at  which  it  was  made. 
If  the  core  is  to  be  used  for  certain  types  of  inspection,  such  as  foundation 
testing,  a  mark  on  each  piece  should  show  which  end  was  uppermost  in  the 
hole.  This  will  prevent  a  piece  being  placed  in  the  box  in  the  reversed 
position.  Frequent  checks  of  the  depth  of  the  hole  should  be  made  with  a 
steel  tape. 

In  oil  reconnaissance  work,  where  the  drill  is  used  to  determine  the 
structure  by  estabhshing  the  elevations  of  certain  key  horizons,  the 
essential  information  desired  is  the  exact  depth  at  which  certain  correlated 
beds  are  reached  in  different  drill  holes.  It  is,  therefore,  especially 
important  to  preserve  the  core  in  its  original  position  in  order  to  study  the 
various  criteria  of  correlation  such  as  fossils,  shale  partings,  color  changes, 
and  contacts.  It  is  often  desirable  to  have  the  runner  keep  a  separate 
record  of  the  depth  of  the  harder  and  softer  beds,  as  indicated  by  the 
pressure  on  the  drill  feed.  This  will  serve  as  a  check  against  the  record 
given  by  the  core. 

Collecting  the  Sludge 

The  ideal  sample  of  the  material  drilled  would  consist  of  100  per  cent, 
core  of  uniform  size,  but  this  ideal  is  seldom  reached.  In  certain  ores,  the 
rich  and  softer  streaks  will  tend  to  grind,  so  an  analysis  of  the  core  that  is 
left  will  not  give  the  true  grade  of  the  material  drilled.  In  such  cases,  the 
cuttings  or  sludge  must  also  be  collected  and  analyzed.  The  correct 
grade  of  the  ore  is  obtained  by  analyzing  both  core  and  sludge  separately 
and  combining  the  results,  as  described  in  Method  3. 

In  order  to  obtain  a  correct  sludge  sample,  all  of  the  water  pumped 
down  the  rods  must  be  returned,  for  if  any  is  lost  in  crevices  or  in  broken 
and  porous  rock  part  of  the  sample  will  go  with  it.  To  avoid  this,  the 
openings  in  the  walls  of  the  hole  must  be  closed  by  casing,  cementing,  or 
other  treatment.  Care  must  be  taken  that  the  sample  is  not  enriched  or 
impoverished  by  material  caving  from  the  wall  of  the  hole  above  the  bit. 
If  there  is  any  tendency  for  this  to  take  place,  the  casing  must  be  kept 
well  down  toward  the  bottom  of  the  hole.  There  are  three  methods  in 
common  use  for  collecting  the  sludge;  the  one  to  be  adopted  depends 
on  the  character  of  the  material  drilled  and  the  results  desired. 

Method  1. — When  the  material  shows  little  tendency  toward  concen- 
tration, the  water  may  be  run  into  a  tub  and  allowed  to  overflow. 
Enough  cuttings  will  be  retained  in  the  tub  to  furnish  a  sample.  By  this 
method,  however,  the  sample  is  usually  enriched,  for  the  lighter  particles 
are  carried  off.    This  method,  therefore,  is  rarely  satisfactory. 
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Method  2. — The  sludge  box  (or  floor  box),  Fig.  2,  will  give  much 
better  results.  This  box  is  12  to  18  in.  (30  to  45  em.)  wide,  6  to  10  in. 
(15  to  25  cm.)  deep,  and  4  to  10  ft.  (1.2  to  3  m.)  long  and  contains  two 
or  more  baffle  plates  to  aid  in  the  settling  of  the  cuttings.  The  water  may 
run  into  the  box  through  a  tee,  or  the  casing  may  pass  through  a  properly 
packed  stuffingbox  or  gland  in  the  bottom  of  the  box.  Samples  may  be 
removed  at  any  time  that  the  rods  have  to  be  pulled,  but  preferably  at 
5  or  10-ft.  intervals.  In  any  case,  care  should  be  taken  that  core  and 
cuttings  represent  the  same  interval  in  the  hole.  At  the  end  of  each 
interval,  the  drill  is  stopped  and  water  pumped  through  the  rods  until 


Fig.  2. — Sludge  box. 


the  hole  is  clear  of  all  cuttings  and  the  return  water  clean.  After  the 
cuttings  have  settled  in  the  sludge  box,  the  top  water  is  carefully  siphoned 
or  poured  off,  leaving  the  residue  in  the  bottom.  This  is  dried  and 
quartered  to  convenient  size  for  analysis  or  assaying,  a  representative 
sample  being  permanently  preserved.  This  is  the  method  most  com- 
monly used  when  diamond-drilling  iron  ore.  In  most  ores,  there  may 
be  considerable  concentration  of  the  heavier  minerals,  especially  if  the 
metallic  content  is  small  or  if  there  is  a  great  difference  in  specific 
gravity  between  the  ore  minerals  and  waste.  The  sludge  box  should  be 
used  only  with  full  recognition  of  its  limitations. 

Method  3. — In  the  third  method,  which  is  the  most  reliable,  the  return 
water  is  run  into  three  or  more  barrels  through  a  pipe  or  launder.  When 
one  barrel  is  filled,  the  pipe  is  swung  to  the  next  barrel,  and  so  on. 
After  the  material  in  the  first  barrel  has  settled  sufficiently  so  that  the 
clear  water  can  be  siphoned  off,  the  barrel  is  again  filled.  The  process 
is  continued  until  the  end  of  the  interval  to  be  sampled.  All  of  the 
material  is  then  poured  into-  one  barrel  and  allowed  to  settle  further. 
After  all  of  the  clear  water  has  been  drained  off,  the  residue  is  removed, 
slowly  dried  over  a  fire,  quartered,  and  sacked.  The  number  of  barrels 
used  depends  on  the  time  necessary  for  the  material  in  suspension  to 
settle.     When  this  method  is  used,  the  hole  must  be  in  such  condition 
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that  all  of  the  cuttings  are  washed  to  the 
surface.  On  one  of  the  large  copper  deposits 
in  Arizona,  this  method  gave  remarkably 
accurate  results  even  though  less  than  50 
per  cent,  of  the  core  was  recovered.  Later 
test  pits  and  mining  operations  checked  the 
drill  sampling  within  0.005  per  cent,  in  car- 
bonate ore  and  0.05  per  cent,  in  sulfide  ore.^ 
A  bit  recovering  a  13'^-in.  core  was  used. 
The  choice  of  sampling  methods  must  depend 
on  the  engineer's  judgment  of  the  char- 
acter of  the  material  to  be  sampled.  In  case 
of  doubt,  it  is  better  to  err  on  the  side  of 
accuracy  than  to  risk  getting  a  worthless 
sample. 

Averaging  Core  and  Sludge  Analyses 

To  obtain  the  average  analysis  of  the 
material  drilled  in  a  given  run,  the  sepa- 
rate analyses  of  both  core  and  sludge  (cut- 
tings) must  be  combined  in  the  proportion 
of  their  respective  masses.  Fig.  3  represents 
a  5-ft.  run  with  an  "N"  bit,  in  which  only 
half  of  the  core  was  recovered.  The  cuttings 
represent  all  that  part  of  the  hole  which  is  not 
core;  but  it  would  not  be  correct  to  take  the 
arithmetical  mean  of  the  two  samples  because, 
as  the  illustration  shows,  the  cuttings  are  the 
largest  part  of  the  sample  and  must  be 
weighted  accordingly.  In  this  case,  the  core 
is  only  25.3  per  cent,  of  the  total  sample,  and 
the  cuttings  are  74.7  per  cent.  If  the  analysis 
of  the  core  is  multiphed  by  25.3  and  added 
to  the  analyses  of  the  cuttings  multiphed  by 
74.7  and  the  sum  divided  by  100,  the  result 
will  be  the  average  analj'^sis. 

Table  1  has  been  prepared  to  facihtate 
the  calculation  of  average  analyses;  the  fig- 
ures are  based  on  the  ratios  of  the  volume  of 
core  and  the  volume  of  cuttings  to  the  total 
volume  of  the  hole.    The  values  of  the  sepa- 


FiG.  3. — Relation  of  core  re- 
covered TO  TOTAL  SAMPLE. 


*  Ira  B.  Joralemon:  The  Ajo  Copper  Mining  Dis- 
trict.    Trans.  (1914)  49,  605-607. 
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rate  analyses  made  for  core  and  cuttings  in  a  5-ft.  run  should  be  multi- 
plied by  the  percentage  found  in  the  column  headed  by  the  size  of  the 
bit  used,  opposite  the  number  of  inches  of  core  recovered.  The  results 
are  to  be  added  and  divided  by  100  for  the  average  analysis  for  that  run. 
Assume  that  in  a  5-ft.  run  with  an  "A"  bit,  34  in.  of  core  are  recovered 
and  that  the  analysis  of  the  core  is  57.6  per  cent,  iron  and  of  the  cuttings, 
61.0  per  cent.  Opposite  34  in  the  column  of  Table  1  headed  Inches 
of  Core,  in  column  A,  appear  the  values  20.6  and  79.4,  which  are  the 
percentages  of  core  and  cuttings  of  the  total  material  cut  in  the  hole. 
Then, 

57.6  X  20.6  -f  61.0  X  79.4 


100 


60.3  per  cent. 


Although  this  table  is  made  for  a  60-in.  run,  it  is  a  simple  problem 
of  proportion  to  adapt  it  to  a  run  of  any  other  length.  For  instance, 
if  a  38-in.  run  is  made  and  23  in.  of  core  are  recovered,  multiply  23  by 
60  and  divide  by  38,  which  will  give  a  value  36,  which  for  the  purpose 
of  the  table  is  to  be  used  as  the  number  of  inches  recovered. 

The  table  is  accurate  only  in  case:  (1)  the  bit  is  of  the  dimensions 
specified  at  the  head  of  the  columns,  (2)  the  hole  is  of  uniform  size  with 
no  increase  in  diameter  in  the  softer  strata,  (3)  there  are  no  additions 
from  caving  in  the  upper  portions  of  the  hole,  and  (4)  all  of  the  cuttings 
are  recovered.  If  a  portion  of  the  cuttings  is  lost  or  other  material  is 
added,  the  sample  will  be  correct  only  to  the  extent  that  the  material 
analyzed  represents  a  true  sample  of  the  actual  cuttings.  Hence  the 
necessity  for  extreme  care  in  recovering  and  sampling  the  sludge. 

Splitting  the  Core 

It  is  often  desirable  to  retain  a  complete  core  sample  to  show  struc- 
ture or  banding  and  at  the  same  time  have  a  portion  of  the  core  analyzed, 
especially  where  the  results  of  exploration  are  to  be  submitted  to  a  pro- 
spective purchaser.  In  such  cases  the  core  may  be  split  longitudinally 
by  a  core  splitter;  it  is  then  possible  to  grind  up  one-half  into  a  pulp  for 
analysis  while  the  other  half  is  preserved  in  its  original  state. 

Permanent  Filing  of  Samples 

The  method  adopted  for  permanently  filing  samples  depends  on  the 
needs  of  the  company  doing  the  drilling.  Sludge  may  be  preserved  in 
sacks  and  the  core  in  the  boxes  shown  in  Fig.  1.  Some  companies  find 
it  more  convenient  to  keep  the  cores  in  drawers  with  partitions  similar 
to  those  in  the  box;  the  core  is  then  accessible  for  future  study.     In  the 
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Table  1. — Percentages  in  an  Average  Analysis  of  a  5-ft.  Diamond'drill 
Sample  when  Core  and  Cuttings  are  Analyzed  Separately 


Inches 

of 
Core 


^                           ^  A                           H 

Standard       i        Mesaba  «;,«  ,^f -ru       i     q;,«  ^  ru 

Size  of  Bit            Size  of  Bit  ^  n    i  as^  t„     n  A    oL    t„ 

O.D..  UJ42  In.    O.D.,  11^2  In.  ^-•5'  ^ -^a.In.  ;  O.D.,  2^2  In. 

I.D..  "Hz  In.    1  I.D.,  iMe    In. 


LD.,  IJia  In.   1  LD.,  1H«  In. 


N 

Size  of  Bit 

O.D..  22^2  In, 

I.D..2H6ln. 


Core 


1 
2 
3 

4 
5 
6 
7 
8 
9 
10 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

21 
22 
23 
24 

25 
26 
27 
28 
29 
30 

31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

51 

52 
53 
64 
65 
56 
57 
58 
59 
60 


Cut- 
tings 


Core 


Cut- 
tings 


Core 


Cut- 
tings 


0.6 
1.1 
1.7 
2.2 
2.8 
3.4 
3.9 
4.5 
6.0 
5.6 

6.2 

6.7 

7.3 

7.8 

8.4 

9.0 

9.5 

10.1 

10.6 

11.2 

11.8 
12.3 
12.9 
13.4 
14.0 
14.6 
15.1 
15.7 
16.2 
16.8 

17.4 
17.9 
18.5 
19.0 
19.6 
20.2 
20.7 
21.3 
21.8 
22.4 

23.0 
23.5 
24.1 
24.6 
25.2 
25.8 
26.3 
26.9 
27.4 
28.0 

28.6 
29.1 
29.7 
30.2 
30.8 
31.4 
31.9 
32.5 
33.0 
33.6 


99.4 
98.9 
98.3 
97.8 
97.2 
96.6 
96.1 
95.5 
95.0 
94.4 

93.8 
93.3 
92.7 
92.2 
91.6 
91.0 
90.5 
89.9 
89.4 
88.8 

88.2 
87.7 
87.1 
86.6 
86.0 
85.4 
84.9 
84.3 
83.8 
83.2 

82.6 
82.1 
81.5 
81.0 
80.4 
79.8 
79.3 
78.7 
78.2 
77.6 

77.0 
76.5 
75.9 
75.4 
74.8 
74.2 
73.7 
73.1 
72.6 
72.0 

71.4 
70.9 
70.3 
69.8 
69.2 
68.6 
68.1 
67.5 
67.0 
66.4 


0.6 
1.1 

1.7 
2.3 
2.8 
3.4 
4.0 
4.5 
5.1 
6.7 

6.2 

6.8 

7.4 

7.9 

8.5 

9.1 

9.6 

10.2 

10.8 

11.3 

11.9 
12.5 
13.0 
13.6 
14.2 
14.7 
15.3 
15.9 
16.4 
17.0 

17.6 
18.1 
18.7 
19.3 
19.8 
20.4 
21.0 
21.5 
22.1 
22.7 

23.2 
23.8 
24.4 
24.9 
25.5 
26.1 
26.6 
27.2 
27.8 
28.3 

28.9 
29.5 
30.0 
30.6 
31.2 
31.7 
32.3 
32.9 
33.4 
34.0 


1    99.4 

0.6 

■    98.9 

1.2 

98.3 

1.8 

97.7 

2.4 

97.2 

3.0 

96.6 

3.6 

96.0 

4.2 

95.5 

4.8 

94.9 

5.4 

94.3 

6.1 

93.8 

6.7 

93.2 

7.3 

92.6 

7.9 

92.1 

8.5 

91.5 

9.1 

90.9 

9.7 

90.4 

10.3 

89.8 

10.9 

89.2 

11.5 

88.7 

12.2 

88.1 

12.8 

87.5 

13.4 

87.0 

14.0 

86.4 

14.6 

85.8 

15.2 

85.3 

15.8 

84.7 

16.4 

84.1 

17.0 

83.6 

17.6 

83.0 

18.2 

1    82.4 

18.8 

81.9 

19.4 

81.3 

20.0 

80.7 

20.6 

80.2 

21.2 

79.6 

21.8 

79.0 

22.4 

78.5 

23.0 

77.9 

23.6 

77.3 

24.3 

76.8 

24.9 

76.2 

25.6 

75.6 

26.1 

75.1 

26.7 

74.5 

27.3 

73.9 

27.9 

73.4 

28.5 

72.8 

29.1 

72.2 

29.7 

71.7 

30.4 

71.1 

31.0 

70.5 

31.6 

70.0 

32.2 

69.4 

32.8 

68.8 

33.4 

68.3 

34.0 

67.7 

34.6 

67.1 

3.5.2 

66.6 

35.8 

66.0 

36.4 

99.4 
98.8 
98.2 
97.6 
97.0 
96.4 
95.8 
95.2 
94.6 
93.9 

93.3 
92.7 
92.1 
91.5 
90.9 
90.3 
89.7 
89.1 
88.5 
87.8 

87.2 
86.6 
86.0 
85.4 
84.8 
84.2 
83.6 
83.0 
82.4 
81.8 

81.2 
80.6 
80.0 

79.4 
78.8 
78.2 
77.6 
77.0 
76.4 
75.7 

75.1 
74.5 
73.9 
73.3 
72.7 
72.1 
71.5 
70.9 
70.3 
69.6 

69.0 
68.4 
67.8 
67.2 
66.6 
66.0 
65.4 
64.8 
64.2 
63.6 


Core 


Cut- 
tings 


Core 


Cut- 
tings 


0.7 
1.5 
2.2 
3.0 
3.7 
4.4 
5.2 
5.9 
6.7 
7.4 

8.1 
8.9 
9.6 
10.4 
11.1 
11.8 
12.6 
13.3 
14.1 
14.8 

15.6 
16.3 
17.0 
17.8 
18.5 
19.3 
20.0 
20.7 
21.5 
22.2 

23.0 
23.7 
24.4 
25.2 
25.9 
26.7 
27.4 
28.1 
28.9 
29.6 

30.4 
31.1 
31.8 
32.6 
33.3 
34.1 
34.8 
35.5 
36.3 
37.0 

37.8 
38.5 
39.2 
40.0 
40.7 
41.5 
42.2 
42.9 
43.7 
44.4 


99.3 

98.5 
97.8 
97.0 
96.3 
95.6 
94.8 
94.1 
93.3 
92.6 

91.9 
91.1 
90.4 
89.6 
88.9 
88.2 
87.4 
86.7 
85.9 
85.2 

84.4 
83.7 
83.0 
82.2 
81.5 
80.7 
80.0 
79.3 
78.5 
77.8 

77.0 
76.3 
75.6 
74.8 
74.1 
73.3 
72.6 
71.9 
71.1 
70.4 

69.6 
68.9 
68.2 
67.4 
66.7 
65.9 
65.2 
64.5 
63.7 
63.0 

62.2 
61.5 
60.8 
60.0 
59.3 
58.5 
57.8 
57.1 
56.3 
55.6 


0.8 
1.7 

2.5 
3.4 
4.2 
5.1 
5.9 
6.8 
7.6 
8.4 

9.3 
10.1 
10.9 
11.8 
12.7 
13.5 
14.3 
15.2 
16.0 
16.9 

17.8 
18.6 
19.5 
20.3 
21.1 
21.9 
22.7 
23.6 
24.4 
25.3 

26.1 
27.0 
27.8 
28.7 
29.5 
30.4 
31.2 
32.1 
32.9 
33.7 

34.6 
35.4 
36.2 
37.1 
38.0 
38.8 
39.6 
40.5 
41.3 
42.2 

43.1 
43.9 
44.8 
45.6 
46.4 
47.2 
48.0 
48.9 
49.8 
50.7 


99.2 
98.3 

97.5 
96.6 
95.8 
94.9 
94.1 
93.2 
92.4 
91.6 

90.7 
89.9 
89.1 
88.2 
87.3 
86.5 
85.7 
84.8 
84.0 
83.1 

82.2 
81.4 
80.5 
79.7 
78.9 
78.1 
77.3 
76.4 
75.6 
74.7 

73.9 
73.0 
72.2 
71.3 
70.5 
69.6 
68.8 
67.9 
67.1 
66.3 

65.4 
64.6 
63.8 
62.9 
62.0 
61.2 
60.4 
59.5 
58.7 
57.8 

56.9 
56.1 
55.2 
54.4 
53.6 
52.8 
52.0 
51.1 
50.2 
49.3 


Inches 

of 

Core 


1 
2 

3 
4 
5 
6 
7 
8 
9 
10 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

51 
52 
53 
64 
55 
56 
67 
58 
69 
60 
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Lake  Superior  iron  districts,  nearly  all  the  mining  and  exploration  com- 
panies have  filed  both  core  and  sludge  in  tin  boxes  12  by  13^  by  1  in. 
(30.5  by  3.8  by  2.6  cm.)  with  hinged  cover.  In  the  ore,  the  core  recovery 
is  small.  Half  the  split  core,  or  often  a  few  representative  pieces,  are 
placed  in  the  tin  box  with  a  sample  of  the  sludge  and  the  end  of  the  box 
is  properly  labeled.  Representative  samples  of  the  hard  rock  above 
the  ore  are  kept  also  in  tin  boxes.  By  this  method  samples  can  be 
stored  in  a  relatively  small  space. 

Summary 

The  foregoing  is  a  brief  description  of  a  few  of  the  common  methods 
of  collecting  and  preserving  diamond-drill  samples.  Variations  of  these 
methods  will  suggest  themselves  on  every  new  piece  of  work.  The 
essential  point  to  bear  in  mind  in  all  diamond-drill  sampling  is  that  the 
sample  must  comprise  all  of  the  core  obtainable  and  all  of  the  cuttings. 
This  involves  the  proper  operation  of  the  drill  as  well  as  the  careful 
collecting  of  the  core  and  sludge.  The  engineer  must  use  his  own  judg- 
ment as  to  the  practical  methods  that  will  give  the  desired  results  under 
the  conditions  obtaining. 

DISCUSSION 

Ira  B.  Joralemon,  Warren,  Ariz,  (written  discussion). — This  paper 
is  so  comprehensive,  and  still  concise,  that  it  should  be  adopted  as 
instructions  for  samplers  on  diamond-drilling  jobs.  It  brings  out  one 
point  on  which  we  now  know  little,  namely  just  how  accurate  are  sludge 
samples  taken  in  overflow  tubs  or  in  sludge  boxes  compared  with 
those  caught  in  a  series  of  barrels  with  no  overflow.  It  would  be  inter- 
esting if  the  flow  of  sludge  from  drill  holes  in  different  sorts  of  ore  could 
be  divided  evenly,  part  going  to  an  overflow  tub,  part  to  sludge  boxes, 
and  part  to  a  series  of  barrels,  and  the  results  compared. 

J.J.  RuTLEDGE,  Urbana,  111.  (written  discussion). — Fig.  3 is  a  particu- 
larly valuable  illustration.  I  do  not  recall  having  seen  one  that  so 
clearly  shows  the  conditions  in  drill  holes  in  steeply  pitching  beds, 
especially  the  hard  sandstones  of  the  Pottsville.  Recently  I  saw  cores 
just  taken  from  coal  measures  of  one  of  the  middle-western  states,  with 
which  region  I  am  familiar,  where  the  driller  had  apparently  recovered 
every  foot  of  the  ground  passed  through,  even  though  some  of  it  was  very 
friable  and  difficult  to  core  successfully.  On  inquiry  I  learned  that  this 
driller,  who  had  the  reputation  of  drilling  considerably  more  footage  than 
the  others,  used  a  single  core  barrel  and  cored  successfully  strata  that 
others  failed  to  core.  The  personal  equation  enters  largely  into  the 
problem  of  securing  good  cores  in  diamond  drilling.  In  this  instance,  the 
diamonds  were  well  chosen  and  set  so  as  to  get  the  best  results.     In 
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another  case,  recently,  I  found  that  at  least  four-fifths  of  the  soft-shale 
core  had  been  lost  because  it  had  been  left  exposed  to  the  elements  and 
not  placed  in  a  proper  core  box.  If  the  core  had  been  coated  with  shellac, 
or  saturated  with  glue,  valuable  information,  to  obtain  which  thousands 
of  dollars  had  been  expended,  would  have  been  preserved  for  reference. 

E.  C.  Harder,  Philadelphia,  Pa.  (written  discussion). — The  object  of 
prospecting  with  drill  is  to  secure  quickly  and  cheaply  as  accurate  a 
sample  as  possible  of  mineral  material  beneath  the  surface.  Yet  often 
the  real  object  is  lost  sight  of  in  the  anxiety  of  the  driller  to  make  footage. 
Frequenth^  drillers  make  no  attempt  to  recover  the  fine  sludge,  only 
retaining  the  core  and  coarser  cuttings  and  thus  obtaining  results  that 
are  unreliable. 

IVIany  drilling  concerns  do  not  keep  a  permanent  record  of  the  holes 
they  drill,  either  written  or  in  the  form  of  core.  They  simply  sink  holes 
and  throw  away  core  and  sludge  until  they  encounter  what,  in  the  opinion 
of  the  driller,  may  be  ore.  Then  they  take  rough  samples  and  analyze. 
With  little  additional  trouble  the  cores  could  be  packed  into  boxes,  as 
described,  and  retained  as  a  permanent  record  for  future  inspection.  A 
great  deal  of  drilling  has  been  done  in  the  Lake  Superior  iron-ore  districts 
of  which  no  record  was  kept;  this  has  necessitated  drilling  many  areas 
twice  or  even  three  or  four  times,  involving  great  expense.  Drilling 
done  in  a  careless  manner  and  without  adequate  supervision  is  a  most 
wasteful  operation. 
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Basic  Principles  of  Gravity  Concentration— A  Mathematical 

Study 

By  Theodore  Simons,*  Btjtte,  Mont. 

(San  Francisco  Meeting,  September,  1922) 

The  rapid  and  comparatively  recent  development  of  jHotation  has 
opened  so  fascinating  a  field  for  study  and  research  that  the  older  proc- 
esses of  gravity  concentration  no  longer  receive  the  attention  they 
deserve.  The  early  work  of  Munroe^  and  Richards,^  and  the  more  recent 
contributions  by  Clevenger  and  Coe,^  Laist  and  Wiggin/  Ammon/ 
Bardwell,^  Crowfoot,^  and  Hayden^  (to  mention  only  some  which  have 
appeared  in  our  own  Transactions)  and  by  Schulz,^  have  furnished  so 
much  data  that  to  offer  something  new  seems  a  difficult  task.  It  is  still 
possible,  however,  to  present  known  facts  from  a  different  point  of  view, 
and,  with  this  in  mind,  the  writer  has  undertaken  to  express  basic  principles 
of  gravity  concentration  in  terms  of  simple  mathematics  and  mechanics; 
the  conclusions  thus  reached  will  be  found  to  correspond,  in  general,  with 
those  obtained  by  experimental  methods. 

Rittinger,  in  his  classic  Aufhereitungskunde  (1867),  reached  analogous 
conclusions  by  way  of  intricate  higher  mathematics,  for  which  reason 
his  interesting  investigations  have  remained  a  sealed  book  to  most  of  us. 
The  writer  hopes  that  a  more  elementary  treatment  of  the  subject,  based 
in  part  on  Rittinger's  methcds,  may  arouse  new  interest  in  the  study  of 
basic  principles. 

*  Professor  of  Mining  Engineering,  Montana  State  School  of  Mines. 
1  H.  S.  Munroe:  Trans.  (1888-89)  17,  637. 

2R.  H.  Richards:  Trans.  (1899-90)  18,  644;  (1894)  24,  409;  (1897)  26,  3;  (1897) 
27,  76;  (1907)  38,  210,  556;  (1908)  39,  303;  (1910)  41,  396. 
3  Trans.  (1910)  65,  356. 
<  Trans.  (1914)  49,  470. 
6  Trans.  (1913)  46,  277. 
«  Trans.  (1913)  46,  266. 
^  Trans.  (1914)  49,  417. 
8  Trans.  (1913)  46,  239. 
3  Investigations  by  kinematography,  Gliickauf  (1915)  51,  457,  481,  510,  540,  562. 
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Gravity  Concentration 

The  most  widely  employed  processes  of  gravity  concentration  depend 
on  the  behavior  of  mineral  particles  in  water  (dry  processes  also  have 
their  place)  and  take  advantage  of  the  difference  in  the  speed  with  which 
minerals  of  varying  size  and  density  fall  in  still  or  moving  water;  or  of  the 
difference  in  the  resistance  that  they  offer  to  a  current  of  water  flowing 
down  an  incline. 

If  a  mixture  of  mineral  particles  of  various  sizes  and  densities  is 
allowed  to  fall  through  water  from  a  given  height,  all  starting  at  the 
same  instant,  the  individual  particles  of  the  mixture  will  form  layers, 
according  to  well-defined  laws.  The  bottom  layer  will  contain  coarse 
particles  of  the  densest  minerals,  but  only  the  largest  particles  of  the  less 
dense  ones;  while  the  uppermost  layer  will  contain  the  smallest  particles 
of  the  densest  minerals,  side  by  side  with  both  coarse  and  fine  particles 
of  the  less  dense  ones.  The  particles  found  in  any  particular  layer  will 
be  of  different  sizes  and  densities,  but  will  have  a  nearly  "equal-falling" 
velocity  in  water;  that  is,  they  traversed  equal  distances  during  the 
same  time  interval. 

A  study  of  "equal-falhng"  mineral  particles  of  uniform  shape  shows 
that  their  volumes  and  densities  are  interdependent.  In  vacuo,  all 
bodies  are  "equal  falling,"  irrespective  of  size,  density,  or  shape.  Falling 
through  a  fluid,  whether  air,  water,  or  other  liquid,  they  meet  a  resistance, 
the  most  perceptible  effect  of  which  is  a  decrease  of  acceleration;  if 
falling  in  water,  acceleration  disappears  very  quickly,  and  a  particle  com- 
pletes its  fall  at  uniform  velocity. 

Fall  of  a  Body  in  Still  Water 

The  motion  of  a  body  falling  through  water  is  not  uniform,  due  to  the 
fact  that  acceleration  is  diminished  by  the  frictional  resistance  of 
the  water. 

Let   W  =  absolute  weight  of  the  falling  body,  in  pounds. 
L  =  loss  of  weight,  in  pounds,  due  to  buoyancy. 
=  weight  of  water  displaced,  in  pounds. 
Wi  =  net  weight  {W  —  L),  in  pounds. 

=  weight  of  the  body  when  submerged  in  water. 
V  =  volume  of  the  body,  in  cubic  feet. 
M  =  mass  of  body  =  W/g. 
8  =  its  relative  density. 

s  =  specific  weight  of  water  (62.5  lb.  per  cu.  ft.). 
g  =  acceleration  due  to  gravity  in  feet  per  second  per  second. 


Then, 


Wi  =  (W  -  L)  pounds.  (1) 
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Wi  is  the  force  that  would  impart  to  the  mass  M  of  the  faUing  body 
an  acceleration  gi  if  the  water  offered  no  resistance.     In  that  case: 

Wi  =  Mgi  =  (TF  -  L),  in  which  (2) 

W  =  V5s  pounds  (3) 

and 

W 

L  =  Vs  =  ~  pounds 

0 

Substituting  in  equation  (2)  gives 

TFi  =  TF  -  ~  =  Tf  (l  -  ^)  =  Mg^ 

or 

W  W 

TFi  =  ^(5  -  1)  =  Mg,  =  ^gi  (4) 

whence 

^1  =  p  -  1)  (5) 

The  force  Wi  is  opposed  by  the  pressure  of  the  water  against  the 
falling  body.  The  actual  force  W2  imparting  acceleration  is  therefore  Wi 
minus  the  water  pressure,  and  the  acceleration,  which  in  the  absence  of 
that  pressure  would  be  gi,  is  changed  to  g^. 

Let  V  =  velocity  of  the  falhng  body,  in  feet  per  second. 

A  =  area,  in  square  feet,  of  a  section  through  the  body  at  right 

angles  to  the  direction  of  fall. 
P  =  total  pressure,  in  pounds,  exerted  by  the  water  against  the 
falling  body. 

Theoretically  this  pressure  P  is  the  same  as  the  pressure  that  a  stream 
of  water,  ascending  vertically  with  a  velocity  v,  would  exert  against  a 
horizontal  plane  of  area  A.  It  is  equal  to  the  weight  ■«;  of  a  column  of 
water  having  a  base  A  sq.  ft.  in  area,  and  a  height  h  ft.,  corresponding 
to  a  velocity  v,  or 

P  =  w  pounds  (6) 

The  theoretical  velocity  is:  v  =  \^2gh  ft.  per  sec. 
whence 

2g 


The  weight  w  of  the  water  column  is 


w  =  Ahs  =  A^s  pounds 
whence 

P  =  ~^sA  pounds  (7) 

In  falling  through  water,  the  body  must  also  overcome  viscosity.     At 
high  velocities  the  effect  of  viscosity  is  so  small,  however,  that  it  may 
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!,)(;  iioglected.  But  since  velocity  and,  as  a  consequence,  resistance  are 
affected  by  the  shape  and  nature  of  the  faUing  body,  the  actual  resistance 
Pa  may  be  written: 

Pa  =  c~As  (8) 

in  which  c  is  an  empirical  coefficient,  the  value  of  which  is  less  than  unity. 
Thus  the  force  W2,  which  causes  the  mass  M  of  the  body  to  fall 
through  water  with  the  acceleration  g^,  is 

W2=  {W,-Pa)  =  Mg,  =  ^-q2  (9) 

Substituting  Wi  from  (4),  and  Pa  from  (8)  gives: 
W  W,,       ,.  v2 

whence 

92  =  1(8-  1)  -  c~sA  (10) 

from  (3) 

W  =  V8s 
hence 

g,  =  l(l-l)-c^^  (11) 

If  the  body  has  the  shape  of  a  sphere  of  diameter  d  ft.,  then 


A 

=  ^^2  sq.  ft. 

V 

=  Id^  cu.  ft, 
b 

Qi 

=  |(.  -  1) 

and 

A  study  of  equations  (10),  (11),  and  (12)  leads  to  the  following 
interesting  conclusions: 

1.  The  acceleration  g^  of  a  body  of  given  density  5  falling  through 
water  depends,  in  general,  on  the  variable  values  in  the  right-hand  terms 
of  equations  (10),  (11),  and  (12). 

2.  The  acceleration  also  depends  on  the  absolute  weight  and  on  the 
volume  of  the  body;  it  increases  with  increase  in  weight  or  volume,  and 
vice  versa;  that  is,  the  density  being  the  same,  larger  particles  have  a 
greater  acceleration  than  smaller  ones. 

3.  The  acceleration  g^  decreases  with  the  increase  of  the  square  of  the 
velocity  v"^  and  with  the  increase  of  the  normal  section  A  of  the 
falling  body. 

4.  The  acceleration  g2  is  greatest  when  v  =  0,  that  is,  at  the  beginning 
of  fall.     In  that  case 

g2  =  \{8  -  1)  =  fifi  (13) 
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As  volume  and  weight  do  not  appear  in  equation  (13)  it  follows  that 
in  the  beginning  of  fall,  acceleration  is  independent  of  volume  or  weight  of  the 
falling  body.     It  is  influenced  solely  by  the  density  of  the  body. 

5.  The  acceleration  g^  becomes  zero,  and  the  velocity  therefore 
uniform,  when 

f(^-^)  =  M^  (14) 


In  that  case,  uniform  velocity, 
Writing 


-^^(6  -  n  ft.  per  sec.  (15) 


4 


H  =  K 
'3c 

gives 

V  =  KVd{S  -  1)  (16) 

Where  K  is  an  empirical  coefficient,  depending  on  the  shape  and  certain 
other  features  of  the  particle. 

This  is  Rittinger's  basic  equation  for  the  uniform  velocity  with  which 
a  body  of  average  diameter  d  and  density  5  falls  through  water  after  its 
acceleration  has  become  zero.  Theoretically  this  occurs  only  after  the 
lapse  of  infinite  time;  practically,  this  state  is  closely  approached  during 
the  very  first  instants  of  fall.  According  to  Rittinger's  intricate  equa- 
tions, the  velocity  of  16-mm.  galena,  pyrite,  and  quartz  grains  becomes 
practically  uniform  toward  the  end  of  the  first  second  of  fall,  whereas 
1-mm.  particles  acquire  uniform  velocity  after  the  lapse  of  one-quarter 
second. 

More  recent  experiments  have  demonstrated  that  mineral  particles 
falling  in  water  do  not  strictly  obey  a  universal  law,  as  expressed  by 
equation  (16),  but  that  within  certain  hmits  of  size  they  follow  one  law, 
and  within  other  limits  another  law.^"  A  size  may  ultimately  be  reached 
at  which  the  particles  remain  suspended  for  an  indefinite  time. 

Fall  of  a  Body  in  Still  Water  during  a  Considerable  Time 

Interval 

Mineral  particles  are  said  to  be  ''equal  falling"  when  they  fall  ulti- 
mately with  equal  velocities.  Assuming  uniform  motion,  and  designat- 
ing by  di,  5i,  Vi,  and  by  ^2,  ^2,  vz,  the  diameters,  densities,  and  velocities 
of  two  mineral  particles,  then  from  (16) 

vi  =  KiVd^;-J)  (17) 

V2  =  KiVMsT-  I)  (18) 

^o  As  explained  by  Richards  ("Text  Book  of  Ore  Dressing,"  268)  this  change  occurs 
at  a  diameter  of  about  0.25  mm.  (for  quartz),  coarser  grains  falling  in  accordance 
with  Rittinger's  law,  while  finer  ones  follow  more  closely  Stokes'  law  of  viscous  resis- 
tance, namely,  v  =  if  (5  —  1)  d^. 
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If  the  two  particles  are  "equal  falling,"  that  is,  if  Vi  =  Vi,  and  if  the 
particles  also  correspond  somewhat  in  shape,  then 

Vdi{8,  -  1)  =  Vrf2(62  -  1)  (19) 

di{8i  -  1)  =  ^2(^2  -  1)  (20) 

If  the  liquid  has  a  density  A  instead  of  1,  the  equation  becomes 

di       52  —  A 


d2       5i  —  A 


(22) 


For  example,  consider  equal-falling  grains  of  quartz  (5i  =  2.6)  and 
galena  (82  =  7.5). 
First,  falling  in  air: 

di      62      7.5       _  .        ,  ^ 

d,  =  a,  =  2.6  =  ^  ^""'^'W 

Second,  falling  in  water: 

di_52  —  1_6^5_^, 
da  ~  81-1  ~  re  ~      "^ 

Third,  falling  in  an  artificial  quicksand,  as  described  by  Chance, ^^ 
composed  of  48  parts  of  water  and  52  parts  of  fine  quartz  sand,  the 
apparent  density  of  the  fluid  being  1.83: 

di      80  —  A      5.67       _  .  ,        1   . 
ck  =  h^A  =  0.77  =  ^-^  (°<=^"-'y^ 

Since  the  separation  of  equal-falling  (sorted  or  classified)  grains  by 
subsequent  table  concentration  is  rendered  easier  by  increasing  the 
disparity  of  their  average  diameters,  the  preceding  calculations  show- 
quite  forcibly  the  theoretical  advantage  of  wet  over  dry  concentrat- 
ing methods.  That  is,  the  average  diameters  of  two  equal-falling  and 
medium-sized  particles  are  inversely  proportional  to  their  effective  densities. 

That  the  above  simple  relation  does  not  hold  for  very  large  nor  for 
very  small  particles  is  shown  by  Richards, ^^  whose  experiments  indicate 
that  the  "equal-falling  ratio"  of  quartz  and  galena  is  about  6:1  for  coarse 
grains,  4 : 1  for  medium  grains,  and  2 : 1  for  fine  grains. 

Fall  of  a  Body  in  Still  Water  during  a  Very  Short  Time  Interval 

When  the  body  starts  from  rest,  its  velocity  v  being  zero,  the  resistance 
Pa  of  the  water,  equation  (8),  is  Hkewise  zero,  and  the  falHng  motion  is 


"  T.  M.  Chance,  Trans.  (1918)  69,  263. 

12  "Text  Book  of  Ore  Dressing,"  268;  also  Trans.  (1907)  38,  210. 
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influenced  solely  by  the  force  causing  acceleration.     This  force  from 
(4)  is: 

W,  =  ^(5-  1)  =  Mg, 


in  which,  from  (5) 


.  =  f(^-i) 


For  very  small  time  intervals  t,  and  very  small  falling  heights  h,  the 
increase  in  velocity,  and  therefore  of  the  resistance  Pa,  is  so  small  that  the 
effect  of  the  latter  on  acceleration  is  negligible.  For  practical  purposes, 
the  acceleration  may  therefore  be  assumed  to  be  constant  during  the 
first  moments  of  fall.     The  velocity  in  that  case  is: 


Falling  height, 


v  =  git  =  Y^-  l)t  (23) 


h  =  I  g,t^  =  ^  (5  -  1)^^  (24) 

A  study  of  equations  (23)  and  (24) ,  which  hold  good  only  for  very  small 
time  intervals,  leads  to  the  following  interesting  conclusions: 

1.  During  the  first  instants  of  fall,  the  motion  of  mineral  grains  in 
water  is  practically  one  of  uniform  acceleration  of  the  magnitude 

b  -  1 

? 1 

Since     t —  is  always  less  than  unity,  the  motion  is  slower  than  that 

of  the  same  body  outside  of  water. 

2.  The  falling  heights  of  mineral  grains  of  different  diameters  and 
densities  depend,  in  the  beginning  of  fall,  solely  on  the  density  and  not  on 
the  volume  or  diameter  of  the  falling  grain.  This  points  to  the  important 
principle,  utilized  in  jigging,  that  with  small  falling  times  and  small 
falling  heights  a  separation  according  to  density  is  possible  even  when  the 
minerals  to  be  separated  have  not  previously  been  graded  according 
to  size.^^ 

3.  For  two  bodies  of  density  ^2  and  5i  the  difference  in  falling  heights, 
from  (24),  is: 

5i 


,  7         1   ,2r^2-l       5i  -  n      1    ,,r^2  -  gi"i      1    ,2 


1  - 

,    ^         (25) 

Obviously  this  difference,  and  therefore  the  ease  with  which  two 

"  In  the  practical  operation  of  jigging  unsized  ore,  as  explained  by  Richards, 
Trans.  (1894)  24,  409-486  and  (1897)  26,  1034,  suction  plays  an  important  part  in 
assisting  the  separation. 
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given  minerals  may  be  separated,  is  greater,  the  larger  the  difference  in 
their  densities. 

Calling  the  ratio  y  ~  Q>  equation  (25)  becomes 

02 

"» - '"  =  h^'Hf)  (26) 

Equation  (26)  shows  that  of  two  pairs  of  minerals,  the  density  ratio 
of  which  is  7^  =  g,  the  difference  in  falling  heights,  and  therefore  the 

02 

ease  of  separation,  will  be  greater  for  the  pair  in  which  the  density  {82)  of 
the  denser  mineral  is  the  smaller.  As  shown  in  the  following  example, 
the  difference  in  the  falling  heights  of  a  coal  and  a  pyrite  grain  is 
almost  twice  as  great  as  that  of  a  quartz  and  a  galena  grain,  although  the 
density  ratio  (0.33)  is  the  same  for  either  pair  of  minerals. 

8         2  5 

For  quartz  and  galena,  g  =  7-  =  ^  =  0.33 

O2        /.o 

For  coal  and  pyrite. 

If  the  minerals  are  "equal  falHng"  in  water,  then  from  (21) 
di       So  -  1 


From  (24) 
and 


dz       61  —  1 

,         1  Ji  -  1       1  .,[di{8i  -  1)1 

T.  _  i„..r^2(52  -  1)1 


"2  -  2^  I 

dzSi 

From  (21) 

d,{8i  -1)  =  ^2(52  - 

■1) 

Hence 

hi       diSi 

/?2       di8i 

or 

hidiSi  =  h2d282 

(27) 


(28) 


Designating  by  di  and  5i  the  diameter  and  density  of  the  lighter 
mineral,  then 

di  >  di 
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Adding  the  equal  quantities  of  (27), 

di  +  d^{bi  -  I)>d2  +  d2(82  -  1) 
or 

di8i>d2d2 

Hence,  in  order  that  equation  (28)  may  hold  good, 

hi<h2 

This  points  to  the  useful  phenomenon  that  of  two  equal-falling 
minerals,  the  denser  falls,  at  the  beginning  of  motion,  in  advance  of  the 
less  dense  one.  In  the  last  analysis,  this  is  due  to  the  fact  that  of  two 
equal-falling  minerals,  the  less  dense  one  has  a  greater  absolute  weight 
than  the  denser  one.  A  quartz  grain,  for  instance,  that  is  equal-falling 
with  a  galena  grain  weighs  22  times  as  much  as  the  galena  grain.  In 
other  words,  its  mass  is  22  times  greater  and  therefore  offers  22  times  the 
resistance  (inertia)  to  motion  during  the  period  of  acceleration,  at  the 
beginning  of  fall.  Consequently  it  lags  behind  the  galena  grain  during 
that  period,  and  catches  up  with  it  only  after  the  acceleration  has  become 
practically  zero. 

The  phenomenon  may  be,  and  is  being,  utilized  in  practice  to  make  a 
separation  according  to  density  by  allowing  the  particles  to  fall  through 
very  small  heights  during  very  small  time  intervals. 

Behavior  of  a  Solid  Body  in  an  Ascending  Current  of  Water 

A.  In  a  State  of  Suspension 

A  solid  body  introduced  into  an  ascending  current  of  water  meets  the 
impact  of  the  ascending  water.     At  a  certain  velocity  (vp)  of  the  water, 
the  body  assumes  a  state  of  "suspension,"  that  is,  it  will  neither  rise 
nor  fall. 
Let 

W  =  absolute  weight  of  the  body 
8  =  its  density 
d  =  its  diameter. 


Then, 


W 

--r-  =  buoyancy  (loss  of  weight  when  submerged  in  water) 

0 


and  its  effective  weight, 

W       W 

W ^  =  "(5  —  1),  or  absolute  weight  diminished  by  buoyancy. 

0  0 

The  resistance  of  the  water,  ascending  with  a  velocity  (vp)  is,  from  (8) 

Pa   =   C  l"'  As 
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For  equilibrium,  that  is,  for  suspension, 
For  a  spherical  body, 


if(5-l)=c|A.  (29) 


and 


4 


T7  =  f  d^bs 

0 


Substituting  in  (29)  and  solving  for  Vp, 

v.  =  ylf/{b-\)  (30) 

Comparing  this  with  equation  (15)  leads  to  the  following  conclusions: 

1.  In  order  that  a  body  may  become  "suspended"  in  an  ascending 
current  of  water,  the  latter  must  have  a  velocity  equal  to  the  uniform 
velocity  that  the  body  would  acquire  when  falling  through  still  water. 

2.  To  keep  suspended  two  bodies  of  diameters  di  and  d^,  and  den- 
sities 5i  and  52,  the  velocities  of  ascending  currents  of  water  must  be: 


and 


or 


v.'  =  x\^^d,{b,  -  I) 


=  ^\U.i,.-l) 


vj'       \d,{h  -  I] 


0 

3.  For  "equal-falling"  bodies,  equation  (20), 

d^{bi  -  1)  =  d.{bi  -  1) 
whence, 

Vp     =  Vp" 

That  is,  "equal-faUing"  bodies  require  the  same  velocity  of  ascending 
current  in  order  to  remain  suspended.  Equal-falling  particles  will 
therefore  not  separate  according  to  density  in  such  a  current. 

4.  If  the  bodies  have  equal  diameters  but  different  densities,  then: 

Vp"       \h-l 

That  is,  of  two  equal-sized  bodies,  the  denser  requires  a  greater 

velocity  of  ascending  current  than  the  less  dense,  to  keep  it  in  suspension. 

A  current  which  suspends  the  denser  particle  will  cause  the ,  less  dense 

to  rise  and  will  therefore  permit  a  separation  according  to  density. 

5.  If  the  bodies  have  the  same  density  but  different  diameters,  then: 


Vp    ^     jdi 

Vp"  \f/2 
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That  is,  the  larger  one  requires  a  greater  velocity  of  ascending  current 
than  the  smaller.  A  current  suspending  the  larger  particle  will  cause  the 
smaller  one  to  rise,  thus  making  possible  a  separation  according  to  size. 

In  general,  an  ascending  current  of  water  offers  a  means  for  separating 
bodies  of  equal  size  according  to  density,  and  bodies  of  equal  density 
according  to  size. 

Since  a  machine  operating  with  a  continuous  ascending  current 
would  involve  mechanical  complications  in  the  withdrawal  of  products 
separated  according  to  density,  certain  types  of  machines  (Harz  jigs) 
substitute  an  intermittent  current  to  which  the  necessary  velocity  is 
imparted  by  a  plunger.  The  minerals  to  be  separated  rest  on  a  screen 
and  are  subjected  to  the  current.  The  ascending  lighter  particles  fall 
back  after  each  interruption  of  the  current  and  collect  in  the  upper 
region  of  the  bed;  while  the  heavier  minerals,  which  have  merely  been 
brought  into  a  state  of  suspension,  remain  on  the  screen  or  reach  it  after 
a  certain  number  of  pulsations. 

B.  In  a  State  of  Motion 

If  the  ascending  velocity  (va)  of  the  water  current  is  greater  than  the 
velocity  (vp)  required  to  hold  the  immersed  body  in  suspension,  the  body 
itself  will  rise. 

Let  V  be  the  velocity  of  the  rising  body;  then  the  water  will  act  upon 
that  body  with  a  residual  velocity  (va  —  v)  and  the  pressure  exerted  upon 
the  body  will  be,  from  (8), 

This  pressure  is  opposed  by  the  downward-acting  absolute  weight  of 
the  body,  diminished  by  buoyancy,  which  from  (4)  is : 

W 

TTi  =  y  (5  -  1) 

The  residual  force  F  acting  in  an  upward  direction,  and  imparting  to 
the  mass  M  an  acceleration  gz,  is: 

F  =  Mg2  =  J 92  =  c^—^j^As  -  y  (^  -  1) 

Substituting  for  A  and  W  the  values  corresponding  to  a  spherical 
body,  and  solving  for  g^,  gives 

3c{va  —  vY  5-1  .01  \ 


Writing 

C  = 

then 

f72  =Sf 


3c 


4(5  -  l)g 

8   -1    \-^{Va   -   Vy 


[c^-'^-l]  (32) 
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A  study  of  cHiuatioiis  (31)  and  (32)  leads  to  the  following  conclusions: 

1.  For  Va  =  0,   that  is,   for  still  water,   the  acceleration  becomes 
negative.     Instead  of  rising,  the  body  will  fall,  that  is: 

(See  analogous  positive  value,  equation  (12).) 

2.  The  acceleration  is  positive,  that  is,  the  body  will  rise,  when 

a 


or 


or 


(«'«  -  v)  >  yj^ 


(va  -^)>^jf^  d(8  -  1) 


or  from  (30) 

That  is,  when  the  residual  velocity  of  the  water  current  is  greater 
than  the  velocity  required  to  keep  the  body  suspended,  the  body  will  rise. 

3.  The  acceleration  becomes  zero,  and  the  velocity  of  the  ascending 
body  becomes  uniform,  when 

C^^-^'  =  l 
a 


or 


or 


(Va   -   V)    =    yj^ 


or  (from  30) 

(Va  -  V)    =   Vp 

Whence,  uniform  velocity  of  ascending  body  v  =  (va  —  Vp)  (33) 

In  reality  this  velocity  reaches  the  limiting  value  (Va  —  Vp)  only  after 

the   lapse  of   infinite   time.     It   is   quickly   approached,  however,  and 

after  a  comparatively  short  time  the  velocity  may  be  assumed  to  have 

become  practically  uniform. 

Motion  of  a  Solid  Body  in  a  Descending  Current  of  Water 

During  the  first  period  of  fall,  the  velocity  of  a  body  introduced  into  a 
descending  stream  of  water  rapidly  increases  from  zero  to  the  velocity  of 
the  water.  Thereafter,  the  body  descends  faster  than  the  water.  Con- 
sequently it  meets  a  resistance  which  causes  the  acceleration  to  decrease 
so  rapidly  that  after  a  very  short  time  it  becomes  nearly  zero,  and  the 
velocity  of  the  body  practically  uniform.  This  happens  in  what  may  be 
called  the  second  period  of  fall. 
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A.  Firsl  Period  of  Fall 

Starting  from  rest,  the  body  begins  to  descend  with  a  velocity  v 
depending  partly  on  its  weight  and  partly  on  the  velocity  Vd  of  the 
descending  water.  Up  to  the  end  of  the  first  period  the  water  velocity  is 
greater  than  that  of  the  body,  that  is,  Vd>v. 

As  a  consequence  the  descending  current  exerts  upon  the  falling  body  a 
downward  pressure  corresponding  to  a  residual  velocity  (vd  —  v).  This 
pressure  is,  from  (8) 

Pa,  added  to  the  absolute  weight  of  the  body,  diminished  by  buoyancy, 
gives  the  total  force  F  that  imparts  to  the  mass  M  of  the  body  an  accel- 
eration ^2- 

F  =  Mg,  =  -^3  =  y  (5  -  1)  +  c  ~^-     As 

Substituting  for  A  and  W  values  corresponding  to  a  spherical  body, 

and  solving  for  g^,  gives 

6  -  1   ,   Sc{vd  -  vy 
92  =  9-^^-^—^^^— 

A  comparison  with  equation  (12)  shows  that  in  a  descending  current 
of  water  the  acceleration  and  therefore  the  effect  of  inertia  is  considerably 
greater  than  in  still  water,  increasing  with  the  velocity  Vd  of  the  water. 

Writing 
then. 


Qi==  9 


1  [l  +  C  ^''-^^]  (36) 


Evidently,  the  acceleration  is  greatest  when  y  =  0,  that  is,  in  the 
beginning  of  motion,  and  it  decreases  as  v  increases.  For  v  —  Vd  (at 
end  of  first  period) 

6  -  1 

g2  =  g  — g—  =  <7i 

This  is  the  acceleration  that  would  prevail  in  still  water  if  there  were 
no  resistance.  This  actually  happens  at  the  instant  the  body's  velocity 
equals  that  of  the  descending  water  (at  the  end  of  the  first  period). 

First  Instants  of  the  First  Period. — At  the  very  beginning  of  motion, 
the  falling  velocity  v  of  the  body  is  zero,  and  from  (36) 


^^-^'^v^^'i] 
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For  the  first  short  instants  of  fall  this  acceleration  may  be  assumed  to 
be  constant;  hence  height  of  fall 

^  =  2  S2t^ 
or 

;,  =  l,,i^[l  +  C"^]  (37) 

Evidently,  the  greater  Vd,  the  greater  the  falling  height  of  any  sin- 
gle body. 

Introducing  value  of  C  from  (35)  in  (37) 
gives 

or 

"  =  2^''[l  +  --^4^M  (38) 

The    actual    magnitude    of    the    falling    height    h  clearly    depends 
on  whether 

3cy/  >  4gd  ('39) 


or 


or 


3cy/  <  4gd  (40) 


Scvd^  =  4gd  (41) 

(a)  Equal-sized  Particles  of  Different  Densities. — For  case  (39),  the 
second  member  of  the  factor  within  the  brackets  of  equation  (38)  is  a 
positive  quantity,  increasing  as  5  decreases.  Evidently,  at  high  velocities 
of  the  descending  water,  the  less  dense  of  two  equal-sized  particles 
will,  at  the  beginning  of  motion  and  during  the  same  time  interval,  fall 
through  a  greater  distance  than  the  denser  one,  thereby  diminishing  the 
final  difference  in  falling  heights.  This  demonstrates  that  too  great  a 
velocity  of  the  descending  water  (suction)  is  harmful  in  the  separation  of 
equal-sized  particles  by  jigging. 

For  case  (40),  the  second  member  of  the  same  factor  is  a  negative 
quantity  which  increases  as  5  decreases.  In  this  case  the  denser  of  two 
equal-sized  particles  will,  at  the  beginning  of  motion  and  during  the  same 
time  interval,  fall  through  a  greater  distance  than  the  less  dense  one, 
thereby  increasing  the  ultimate  difference  in  falling  height.  A  smaller 
velocity  of  the  descending  current  (suction)  is  therefore  favorable  in  the 
separation  of  equal-sized  particles. 

If  5i  is  the  specific  gravity  of  the  denser  and  hi  that  of  the  less  dense 
of  two  equal-sized  particles  of  diameter  d,  then  their  falling  heights, 
from  (38),  will  be: 

"icvd"^  —  4gd'\ 


'  =  >[ 


4gd8i 
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and 

The  difference  in  falling  height  is: 

h'  -  h"  =  ^^—^^  i^gd  -  Scv,']  (42) 

Obviously,  this  difference  is  greatest,  and  the  separation  therefore 
easiest,  when  Vd  =  0,  that  is,  in  the  absence  of  suction.  This  fact  was 
recognized  during  the  earliest  stages  of  scientific  ore  dressing,  and  led  to 
the  invention  of  the  setzpumpe,  described  by  Rittinger.  This  device  was 
a  jig  having  no  suction  and  it  was  used  for  treating  screen-sized  material. 
A  more  modern  type  of  suctionless  jig  is  the  pulsator  jig,  invented  by 
Richards  and  described  in  his  textbook.^* 

For  case  (41)  the  falling  height  h  becomes 

In  this  case  two  equal-sized  particles,  irrespective  of  their  density, 
fall  through  equal  distances  during  the  same  time  interval.  This  is 
analogous  to  the  fall  in  vacuo. 

(6)  Particles  of  Equal  Density  hut  of  Different  Size. — In  any  of  the  cases 
(39),  (40)  and  (41),  the  smaller  particles  fall  in  advance  of  the  larger  ones. 

(c)  Equal-falling  Particles. — From  equation  (37a)  the  falling  heights 
are: 

1    ,,r^i(6i  -  1)    ,     Zcva^ 


,         1    ,,r^i(5i  -  1)    ,     Scva'-] 
'''  "  2  ^H      dVd2       "^  4gd282\ 


in  which 

di{8i  -1)  =  ^2(52-  1) 

Let  di  and  5i  designate  the  diameter  and  density  of  the  less  dense 
body;  then  di  >  d^  and  hi  <  hz. 

That  is,  at  the  beginning  of  motion,  the  denser  of  two  equal-falling 
bodies  falls  in  advance  of  the  less  dense,  and  much  faster  than  in  still 
water.  For  the  separation  of  equal-falling  minerals,  a  descending  cur- 
rent of  water  (suction)  is  therefore  favorable. 

B.  Second  Period  of  Fall 

At  the  end  of  the  first  period  the  body  has  acquired  the  velocity  of  the 
descending  water.  Immediately  after,  the  velocity  of  the  falling  body 
exceeds  that  of  the  water  and  conditions  arise  analogous  to  those  in  still 

W 
water.     The  body  is  now  acted  upon  by  both  a  downward  force  -;  (5  —  1), 


"  "Text  Book  of  Ore  Dressing,"  291-295. 


^'-^-T-b-'^—r^  (43) 
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which  is  its  absohite  weight,  diminished  by  buoyancy,  and  by  an  upward 
force  equal  to  a  water-resistance,  that  corresponds  to  a  residual  velocity 
(v  —  Vd).     From  (8)  this  resistance  is: 

The  total  residual  force  F  acting  downward  upon  the  body  is 
therefore 

F  =  ~{b  -\)  -  c  ~~Yg       ^  "    ^^  "  7  ^' 

Deductions  analogous  to  those  by  which  equation  (36)  was  derived 
give  for  the  acceleration  during  the  second  period 

5 

Evidently  the  acceleration  is  greatest  when  v  =  Vd,  that  is,  in  the 
very  first  instants  of  the  second  period. 

The  acceleration  becomes  practically  zero  and  the  falling  velocity  v 
of  the  body  uniform,  when  jj 

a 
or 

Id 

V  -  Vd  =  ^/^ 
whence 

t'  =  aJ-^  +  Vd 

Substituting  value  of  C  from  (35),  uniform  velocity 

'=yj      3c       +^'^  ^^^-^ 

A  comparison  with  equation  (15)  shows  that  the  first  member  of  the 
right-hand  expression  of  (44)  is  equal  to  the  uniform  velocity  that  the 
body  ultimately  acquires  when  falling  through  still  water.  Adding  to 
this  the  velocity  of  the  descending  water,  gives  the  ultimate  uniform 
velocity  of  the  body  when  falling  in  a  descending  current  of  water. ^^ 

Behavior  of  Solid  Bodies  in  a  Stream  of  Water  Flowing  down  an 

Incline 
(Table  Concentration) 

Imagine  two  small  mineral  cubes  a  and  6,  Fig.  1,  of  approximately  the 
same  weight  but  of  different  densities,  placed  on  an  inclined  plane  which 


1^  For  experimental  data  bearing  out  the  practical  conclusions  here  developed 
mathematically,  see  Richards,  Trans.  (1894)  24,  409;  (1S9G)  26,  .3:  and  "Text  Book  of 
Ore  Dressing,"  309-318.     Also  R.  P.  Jarvis,  Trans.  (1908)  39,  451. 
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is  horizontal  in  the  direction  at  right  angles  to  the  slope.  Let  the  inclina- 
tion be  so  slight  that  the  gravity-pull  of  the  cubes  will  be  insufficient  to 
move  them  down  the  plane  against  the  frictional  resistances,  which 
will  be  the  same  for  both  cubes  if  they  have  like  coefficients  of 
friction. 

A  sheet  of  water  flowing  down  the  incline,  and  deep  enough  to  cover 
both  cubes,  will  attack  the  less  dense  and  larger  cube  6  with  a  greater 
total  force  than  cube  a.  Obviously,  by  adjusting  the  water  supply  and 
the  inclination  of  the  table,  a  point  may  be  reached  at  which  the  gravity- 
pull  plus  the  water  pressure  will  become  sufficient  to  move  the  larger 
but  remain  insufficient  to  move  the  smaller  cube.  This  constitutes 
the  basic  principle  of  concentration  on  film  tables,  as  exemplified  by 
buddies,  round  tables,  canvas  or  "rag"  plants,  and  the  finishing  surface 


Fig.  1. 


of  the  Wilfley  table;  in  the  case  of  vanners  and  the  various  all-riffied 
tables,  other  factors  are  brought  into  play. 

If  now  the  size  of  cube  h  is  increased  by  a  uniform  lengthening  of  its 
edges,  its  volume  6^,  and  therefore  its  w^eight  and  frictional  resistance, 
will  increase  with  the  third  power  of  its  edge,  whereas  the  water  pressure 
will  increase  only  with  the  second  power  of  its  edge.  Obviously,  increas- 
ing the  size  of  the  cube  will  demand  a  constantly  increasing  water  pressure 
to  move  it  down  the  incline  against  the  increased  frictional  resistance, 
and  a  point  will  eventually  be  reached  at  which  the  pressure  becomes 
sufficient  to  move  the  smaller  cube  a  also. 

It  appears  then,  that  in  order  to  effect  a  separation  by  this  method, 
the  size  of  the  larger  and  less  dense  cube  must  not  exceed  a  limit  beyond 
which  the  water  pressure  necessary  to  move  it  will  likewise  move  the 
smaller  cube,  or  move  it  with  the  same  velocity.  It  is  of  importance  to 
ascertain  this  hmit  so  that  the  minerals  to  be  separated,  prior  to  being  fed 
to  the  table,  may  be  graded  accordingly. 

Let  H,  Fig.  1,  represent  the  plane,  inclined  at  an  angle  a  from  the 
horizon. 


448  BASIC    PRINCIPLES    OF    GRAVITY    CONCENTRATION 

Let  a  =  edge,  in  feet,  of  a  mineral  cube  of  density  8a. 
h  =  edge,  in  feet,  of  a  mineral  cube  of  density  8b. 
f  =  coefficient  of  friction  of  the  cubes  on  the  table  surface. 
s  =  specific  weight  of  water  (1  cu.  ft.  =  62.5  lb.). 
P  =  water  pressure  in  lb.  per  sq.  ft. 

Let  the  cubes  be  covered  by  a  sheet  of  water  of  depth  h,  flowing  down 
the  incline.     Then: 

Total  water  pressure  on  cube  a  =  Pa-  lb.  (45) 

Total  water  pressure  on  cube  h  =  Pb-  lb.  (46) 

To  start  the  cubes  down  the  incline,  this  pressure  plus  the  gravity 
pull  must  be  sufficient  to  overcome  the  frictional  resistance  due  to 
the  absolute  weights  of  the  cubes,  diminished  by  buoyancy.  These 
residual  weights  are: 

For  cube  a,  sa^8a  —  sa^  =  sa^{8a—  1)  lb. 

For  cube  h,  sh^i8b  -  1)  lb. 

Gravity  pull  of  cube  a  =  sa^(8a  —  1)  sin  a 

Gravity  pull  of  cube  h  =  sh^(8b  —  1)  sin  a 
Frictional  resistance  of  a  =  fa^s{8a  —  1)  cos  a 
Frictional  resistance  of  6  =  fb^s{8b  —  1)  cos  a 

For  equilibrium,  water  pressure  +  gravity  pull  =  frictional  resistance. 


Pa^  +  sa^{8a  —  1)  sin  a  = 

sfa^{8a  —  1)  cos  a 

(47) 

P62  +  sh^i8b  -  1)  sin  a  = 

sfb^{8b  —  1)  cos  a 

(48) 

From  (47), 

P  = 

sa{8a  —  1)(/  cos  a  - 

-  sin  a) 

From  (48), 

P  = 

sb{8b  —  1)(/  cos  a  - 

-  sin  a) 

Whence 

sa{8a  —  1)(/  cos  a  —  sin  a)  = 

sb{8b  —  1)(/  cos  a  - 

-  sin  a) 

or, 

a{8.  -  1)  = 

b{8b  -  1) 

or, 

a 

8b-  1 

/-inN 

6       5„  -  1- 

That  is,  a  given  current  of  water  flowing  down  an  incline  will  simul- 
taneously start  mineral  cubes  of  different  densities  on  their  waj-  down  the 
incline,  when  their  edges  are  in  the  inverse  ratio  of  their  densities,  each 
diminished  by  one. 

For  example,  let  the  minerals  be  galena  (8a  =  7.5)  and  quartz  {8b  = 
2.5).     To  satisfy  equation   (49),  the  ratio  of  the  edges  of  the  cubes 

must  be 

a  _  8b  -  1  _  2.5  -  1  ^  1.5  ^  1 

b  ~  8a-  l~  7.5  -  1       6.5       4 
or  the  same  as  the  equal-falling  ratio  in  water. 
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On  the  above  assumptions,  a  1-mm.  galena  and  a  4-mm.  quartz  cube, 
if  placed  on  an  inclined  table,  would  both  be  washed  down  the  incline  by 
a  current  strong  enough  to  move  the  quartz  cube,  a  fact  which  would 
seem  to  prevent  a  separation  by  such  a  method.  Moreover,  the  similarity 
of  equation  (49)  with  equation  (21)  seems  to  justify  the  inference  that 
classified  material,  in  which  the  individual  mineral  particles  are  equal 
falling,  does  not  lend  itself  to  a  satisfactory  separation  on  film  concen- 
trating tables,  because  a  water  current  strong  enough  to  move  the  larger 
and  less  dense  particles  would  also  move  the  smaller  and  denser  ones, 
presumably  with  the  same  velocity.  The  difficulty  of  separation  evi- 
dently increases  as  the  densities  and  therefore  the  diameters  of  the 
particles  approach  equality. 

The  water  pressure  per  unit  area,  however,  is  not  uniform,  as  assumed 
above.  It  varies  with  the  velocity  of  the  water  in  the  successive  layers  of 
the  stream  flowing  down  the  incline.  Close  to  the  table  deck  the  velocity 
is  practically  zero,  increasing  to  a  maximum  near  the  surface.  Thus  the 
larger  cube  h  is  exposed  to  a  much  greater  total  pressure  than  the  smaller 
cube  a  because,  in  addition  to  presenting  a  larger  area  to  the  stream  of 
water,  it  also  reaches  into  the  upper  strata  of  this  stream  where  the 
velocity  is  much  greater  than  near  the  table  deck. 

According  to  a  law  of  hydraulics,  the  velocity  increases  approxi- 
mately with  the  square  of  the  distance  from  the  bottom  of  the  stream, 
which,  in  this  instance,  is  the  table  deck.  A  stream  of  water  attacking  a 
1-mm.  galena  cube  at  its  center  with  a  pressure  Pa  per  unit  area  will 
therefore  attack  a  4-mm.  quartz  at  its  center  with  a  unit  pressure  Pb  = 

(2  \2 
T/l  Pa,  which  is  16  times  larger  thanPa-     And  since  the  surf  ace  exposed 

by  the  quartz  cube  is  16  times  larger  than  that  of  the  galena  cube,  the 
total  water  pressure  on  the  quartz  cube  is  nearly  300  times  as  great  as 
that  exerted  on  the  galena  cube. 

This  indicates  that  classified  material  is  not  only  eminently  suited  for 
separation  on  concentrating  tables,  but  that,  when  the  difference  in 
densities  is  as  great  as  in  the  case  of  quartz  and  galena,  close  sizing  or 
classifying  of  the  feed  is  not  essential  to  permit  a  satisfactory  separation 
by  film  methods.  Moreover,  it  seems  reasonable  to  expect  greater  ease 
of  separation  when  the  less  dense  minerals  are  somewhat  larger  than 
demanded  by  equation  (49),  as  in  that  case  they  would  be  attacked  by  a 
still  greater  water  pressure  and  therefore  carried  farther  away  from  the 
smaller  but  denser  minerals.  This  is  accomplished  by  hindered-settling 
classifiers,  first  introduced  by  •  Richards  and  now  almost  universally 
employed  for  preparing  table  feed.^® 

i« Richards:  Trans.  (1807)  27,  76;  (1907)  38,  556;  (1908)  39,  303;  (1910)  41,396; 
"Text  Book  of  Ore  Dressing,"  220-236,  262-276;  "Mining  Engineers'  Handbook," 
1662-1664. 
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Conclusion 

The  fact  that  ideal  conditions,  such  as  had  to  be  assumed  in  the 
foregoing  study,  are  hardly  ever  met  with  in  practice  by  no  means 
invalidates  the  general  conclusions  drawn.  Actual  conditions,  however, 
modify  the  theoretical  behavior  of  bodies  in  still  or  moving  water  in  a 
manner  that  can  be  ascertained  only  by  experimental  methods,  as 
apphed  by  those  investigators  to  whom  reference  has  been  made. 

Although  the  results  of  experimental  methods  have  demonstrated 
limitations  in  the  apphcation  of  theory  to  practice,  as  well  as  discrep- 
ancies in  numerical  values  obtained  by  the  two  methods,  they  have,  in 
general,  corroborated  theoretical  deductions.  They  also  have  made  it 
clear  that  for  an  explanation  of  experimental  results,  and  for  an  intelligent 
application  of  these  results  to  practical  problems,  a  thorough  grasp  of 
basic  principles  is  an  essential  prerequisite. 

DISCUSSION 

E.  V.  Daveler,  Butte,  ^Slont.  (written  discussion). — This  paper 
amplifies  and  extends  the  valuable  contributions  of  Richards  and  Rit- 
tinger.  The  author  has  reduced  Richards'  complex  mathematics  to  what 
he  terms  "a  more  elementary  treatment  of  the  subject."  The  paper 
shows  fully  the  necessity  of  close  sizing  in  gravity  concentration  methods 
utilizing  jigs,  which  fact  had  previously  been  emphasized  by  Professor 
Richards.  The  plan  of  close  sizing  before  jigging  has  been  utilized  in 
various  wet  concentration  plants  and  where  followed  ^\dth  a  proper  ratio 
of  screen  sizes,  high  recoveries  and  grade  of  concentrates  have  been  made. 

The  author  has  worked  out  the  mathematics  of  the  behavior  of  solid 
bodies  in  a  stream  of  water  flowing  down  an  inchne,  or  the  action  taking 
place  during  table  concentration,  indicating  the  necessity  of  classification 
before  table  concentration  where  the  densities  of  the  metals  to  be  sepa- 
rated are  very  close  and  bringing  out  also  that  where  the  difference  in 
densities  is  great,  as  in  the  case  of  quartz  and  galena,  classification  is 
not  essential. 

Charles  E.  Locke,*  Cambridge,  Mass.  (written  discussion). — This 
paper  is  an  admirable  collection  of  the  laws  and  principles  covering 
gravity  operation  in  ore  concentration  and  should  fill  a  need  some  of  us 
have  felt  for  the  gathering  of  all  this  information  in  one  place.  I  only 
wish  that  the  author  had  extended  the  scope  of  his  paper  so  that  it 
included  a  wider  field,  particularly  the  laws  covering  settling  of  very  fine 
particles  or  sedimentation,  which  have  now  become  of  so  much  importance 
to  the  ore  dresser  in  connection  with  settling  operations  for  shmes  and  for 
flotation  products.  Perhaps  he  may  feel  willing  to  do  this  in  a  later 
paper  and  at  the  same  time  consider  the  possibilities  of  including  centrif- 

*  Professor  of  Mining  and  Ore  Dressing,  Massachusetts  Institute  of  Technology. 
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ugal,  pneumatic,  and  other  special  concentration  processes;  also  to 
formulate  the  laws  for  flotation  on  which  so  much  has  been  written. 

The  value  of  such  papers  lies  chiefly  in  giving  a  clear  understanding 
of  what  should  happen  with  ideal  particles  under  ideal  conditions. 
Although  the  author  does  not  so  state,  the  reader  will  understand  that 
departures  from  ideal  conditions  in  the  way  of  irregularities  in  size,  shape, 
and  other  characteristics  of  the  particles  will  give  separations  in  ore 
dressing  that  differ  materially  from  the  separations  that  could  be  obtained 
under  the  assumed  ideal  conditions. 

Blamey  Stevens,  New  York,  N.  Y.  (written  discussion). — This 
paper  appears  to  be  a  study  of  classification  rather  than  of  concentration. 
The  paragraphs  on  "  behavior  of  solid  bodies  in  a  stream  of  water  flowing 
down  an  incline"  do  not  in  any  manner  illustrate  the  principles  of  table 
concentration.  The  oscillating  motion  of  the  vanner  or  table  is  the  all- 
important  factor  in  concentration. 

In  the  case  of  the  vanner,  the  transverse  accelerations  of  velocity  are 
large  enough  to  cause  the  belt  to  slide  to  and  fro  with  respect  to  the 
grains  of  less  density,  but  small  enough  so  that  the  grains  of  greater  den- 
sity do  not  part  company  with  the  belt.  In  the  case  of  the  table,  the 
acceleration  is  more  in  one  direction  than  in  the  return  or  opposite  direc- 
tion. The  larger  acceleration  allows  the  table  to  travel  with  respect  to 
the  grains  of  greater  density,  so  that  the  latter  travel  gradually  along 
the  table. 

Expressed  mathematically,  with  the  notation  used  by  the  author, 
the  frictional  resistance  is /a^s( 5  —  1).  At  the  point  or  limit  of  sliding 
the  frictional  resistances  will  be  just  balanced  by  the  force  due  to  accelera- 

ct 

tion,  viz.,  ~a^s8;  where  a  is  the  acceleration  of  the  vanner  or  table  and  g 

that  of  gravity  (viz.,  32  ft.  or  981  cm.  per  sec.  per  sec).  The  grain  of 
material  is  considered  to  be  accelerated  in  the  water  without  fluid  friction. 
Strictly  speaking,  the  above  force  is  somewhat  small  even  with  a  frictionless 
fluid  because  some  water  motion  is  also  accelerated.  As  there  are,  however, 
other  modifications  in  practice  we  may  neglect  niceties  and  equate  as  fol- 
lows:   ~8  =f{d  -  1). 

Therefore  the  lesser  acceleration  lies  between 

a  <fg      g^      and  a  >  fg~ — 

T-         1  5a-  1       7.5-1       _  __ 

For  galena,  — ^ —  =  — ^-^ —  =  0.87. 

Oa  I 'O 

1?  +  5,-1       2.5-1        -_ 

For  quartz  —~ —  =  — ^^ —   =  0.6. 

So  that  in  this  case  there  is  a  great  deal  of  latitude  for  the  determina- 
tion of  a.     When  the  density  is  the  same  as  water  (or  8b  =  1)  we  get 
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a  =  0  as  a  limiting  case.     The  greater  of  the  two  accelerations  of  a  table 
must  be 

«  >  f9^ — 

da 

For  minerals  of  the  highest  density  (5a  =  «»),  we  get  a  = /^  as  a 
limiting  value. 

These  accelerations  only  depend  on  specific  gravity  and  not  on  size 
of  grain.  This  would  remain  true  as  long  as  the  grains  were  accelerated 
in  a  perfect  fluid,  but  fluid  friction  would,  of  course,  depend  on  the  size 
of  the  grains. 

While  the  main  function  of  the  inclination  of  the  vanner  or  table  is 
to  wash  over  the  quartz  that  has  been  loosened  from  its  frictional  moor- 
ing, it  also  somewhat  modifies  the  above  results,  especially  if  the  larger 
grains  stick  up  above  the  water  level. 

The  ideal  laboratory  conditions  for  the  application  of  the  above  form- 
ulas are  a  very  quick  short  vibration  in  a  pool  of  water  without  flow. 
The  acceleration  should  change  rapidly  from  a  uniform  high  to  a  uniform 
low  value  of  opposite  sign.  The  foregoing  are  not  the  best  conditions 
for  the  treatment  of  quantities  of  material.  The  necessary  flow  of  water 
and  longer  slower  oscillations  of  good  practice  introduce  imperfections  of 
concentration,  which  may  sometimes  be  minimized  by  a  good  classifica- 
tion scheme. 

Charles  D.  Demond,  Anaconda,  Mont,  (written  discussion). — The 
author  strikes  the  keynote  of  the  situation  in  his  statement  that  standard 
"processes  of  gravity  concentration  no  longer  receive  the  attention  they 
deserve."  Facts  of  mill  and  smelter  practice,  together  with  the  results 
of  both  mill  and  laboratory  experiments,  indicate  the  advantage  of 
continuing  and  extending  the  investigation  of  gravity  methods.  Oper- 
ators realize  that  the  high  recoveries  made  possible  by  flotation  do  not 
justify  the  extra  expense  of  all-sliming  when  most  of  the  values  can  be 
saved  by  cheaper  methods.  There  is  a  growing  tendency  to  save  as  much 
as  possible  by  jig  and  table  concentration  while  still  using  flotation  for 
additional  profit. 

Years  ago  attempts  were  made  to  discard  waste  from  comparatively 
coarse  ore  by  both  hand  picking  and  jigging.  Some  of  these  efforts 
failed,  even  where  the  ores  seemed  to  promise  success,  because  of  poor 
preparation  of  jig  feed  and  the  inefficient  design  of  jigs.  The  poor  prepa- 
ration of  feed  causes  questions  of  design  of  both  screens  and  hydraulic 
classifiers  to  arise,  also  of  the  capacit}^  of  the  different  classes  of  machines. 
Trommels  do  reasonably  good  screening  of  material  1  in.  or  coarser,  but 
it  is  extremely  difficult  to  have  them  do  good  work  with  material  finer 
than,  say,  ^i  inch.  One  reason  is  that  the  ore  does  not  remain  in  a 
sufficiently  thin  layer  except  over  the  small  space  where  it  first  strikes 
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the  screen;  beyond  that  the  natural  bank  is  too  deep  and  is  not  agitated 
enough  to  pennit  efficient  work.  The  Ferraris  screen,  which  is  supported 
in  a  horizontal  position  by  sloping  hangers,  also  has  shown  such  satis- 
factory results  that  it  deserves  thorough  investigation,  particularly  for 
wet  screening.  The  method  by  which  it  applies  the  water  is  very 
effective.  On  account  of  the  method  of  support  the  screen  moves 
down  sharply  on  the  backward  stroke  and  dips  lightly  into  the  surface  of 
the  water  in  a  tank.  This  positively  prevents  blinding  of  the  screen 
cloth  while  causing  the  ore  to  progress  rapidly;  and  at  the  same  time  it  pro- 
duces an  effective  agitation  which  allows  the  undersize  material  to  pass 
through  the  screen  as  it  should.  Flat  screens  for  wet  work  that  are  not 
subject  to  effective  action  of  water  over  the  entire  surface  have  virtually 
the  same  defect  as  trommels:  most  of  the  screening  is  confined  to  a  small 
area  near  where  the  feed  first  strikes.  The  Ferraris  apparatus  can  be 
made  very  economical  of  water  by  using  simple  mechanical  means  to 
remove  the  products. 

In  many  cases  wet  screening  is  far  better  than  dry  because  the  slime 
is  thoroughly  removed  from  the  coarser  sizes  and  is  treated  by  suitable 
methods  instead  of  being  lost  in  the  tailing  of  jigs  or  tables. 

When  making  an  investigation  of  hydraulic  classifiers,  several  years 
ago,  the  writer  was  confronted  with  the  problem  of  determining  effici- 
encies. While  there  is  available  much  data  purporting  to  indicate  the 
quality  of  work  done  by  hydraulic  classifiers,  the  data  consist  of  sizing 
tests  of  the  products.  But,  to  determine  the  efficiency,  any  apparatus 
must  be  tested  according  to  its  own  principle  of  action:  commercial 
screens  by  the  most  accurate  screening  we  can  do  and  commercial 
classifiers  by  the  most  accurate  classification  possible.  Unlike  screens, 
which  place  together  similar  sized  pieces  of  minerals  irrespective  of  their 
specific  gravities,  a  good  classifier  necessarily  separates  minerals  of 
different  specific  gravities,  because  of  their  difference  of  falling  velocity  in 
water,  and  puts  smaller  particles  of  heavy  mineral  in  company  with 
larger  pieces  of  light  mineral.  Classifiers  do,  of  course,  separate  the 
coarser  from  the  finer  portions  of  any  one  mineral,  which  accounts  for 
the  phrase  "hydrauhc  sizing;"  and  it  is  possible  that  this  fact  partly 
explains  the  practice  of  testing  the  classifier  products  with  sieves;  but 
this  ignores  the  radical  difference  between  screen  sizing  and  hydraulic 
classification. 

Without  going  into  details,  it  may  be  stated  that,  by  using  the  hydraulic 
method  for  testing  the  products  of  a  certain  mill  classifier,  the  settling 
efficiencies  of  the  three  spigots  were,  respectively,  53,  70,  and  51  per 
cent.  The  relation  of  the  first  and  second  spigot  products  illustrates 
the  fallacy  of  a  screening  test,  for  such  a  test  showed  the  second  spigot 
material  to  be  coarser  than  the  first,  whereas  the  settling  tests  showed 
these  two  products  in  their  logical  relation;  the  first  spigot  to  be  the 
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coarser,  that  is  more  rapid  settling,  than  the  second.  It  has  been  well 
said  that  "no  science  can  progress  unless  accurate  measurements  are 
made  of  the  things  dealt  with."  Methods  of  investigation  must  be 
adapted  to  the  needs  of  each  case. 

When  discussing  hydraulic  classifiers,  a  prominent  engineer  argued 
that  the  seemingly  perfect  classification  of  sand  in  the  little  bubbling 
craters  of  natural  springs  is  practically  impossible  to  attain  in  mill  work, 
because,  he  said,  that  it  is  altogether  out  of  the  question  to  subject  the 
ore  to  the  necessary  number  of  retreatments.  But  the  success  of  the 
flotation  process  depends  largely  on  repeated  treatments.  With  many 
ores,  a  glass-sided  cell  of  a  Minerals  Separation  machine  shows  a  shower 
of  concentrate  particles  falling  out  of  the  froth;  and  numerous  retreat- 
ments are  necessary  for  a  recovery  that  is  at  all  satisfactory.  It  may  be 
questioned  if  there  is  a  commercial  plant  anywhere  in  which  a  single  cell 
of  such  a  machine,  producing  finished  concentrate,  recovers  more  than 
50  per  cent,  of  the  values  entering  it;  in  many  cases  this  recovery  is 
probably  as  low  as  25  per  cent.  Why,  then,  should  it  be  thought  im- 
practicable to  repeat  hydraulic  classifying,  even  in  separate  chambers? 
Various  observations  convince  the  writer  that  there  are  large  possibilities 
for  the  fruitful  investigation  of  this  problem. 

The  advantage  of  perfecting  the  work  of  screens  and  of  hydraulic 
classifiers  lies  not  only  in  better  recoveries  (and  probably  in  increased 
capacities  of  jigs  and  tables),  but  in  the  discarding  of  waste  tailing  at 
much  coarser  sizes  than  is  usually  done.  The  high  cost  of  fine  grinding 
is  well  illustrated  in  a  particular  case  where  M-in.  ore  is  reduced  to  0.2 
mm.  by  two-stage  grinding  in  ball  mills.  Though  the  first  stage  makes 
a  63  to  1  reduction  in  size  (19  mm.  to  0.3  mm.)  while  the  second  stage 
reduces  only  1.5  to  1,  the  second  stage  uses  6  per  cent,  more  power  than 
the  first.  The  excess  power  would  be  even  greater  if  the  second  stage 
handled  the  same  tonnage  as  the  first;  but  the  0.2-mm.  undersize  is 
removed  between  stages. 

One  kind  of  waste  that  should  be  discarded  as  early  as  possible  is 
decomposed  feldspar.  This  material  constitutes  the  gummy  portion  of 
slime,  and  without  this  material  the  slime  problem  would  not  be  such  a 
serious  problem.  It  is  true  that  a  large  part  of  this  material  passes  into 
the  slime  in  the  earher  stages  of  crushing,  because  it  is  soft;  but  there  are 
other  portions,  not  so  soft  and  yet  capable  of  being  crushed  between  a 
man's  thumb  nails,  which  are  sometimes  found  in  jig  and  table  feed. 

There  is  need  for  the  investigation  of  jigs.  Table  1  shows  how  irreg- 
ular is  the  distribution  of  water  in  some  jigs.  These  measurements 
were  made  by  fitting  thin  steel-plate  partitions  above  the  screen,  to 
divide  the  width  into  three  equal  portions,  and  catching  the  overflow 
from  each  division  separately.  In  jig  A,  Fig.  2,  there  was  a  great  excess 
of  water  on  the  part  nearest  the  plunger;  the  middle  section  had  approxi- 
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mately  the  right  quantity  for  most  rates  of  total  flow;  but,  in  all  cases, 
the  side  farthest  from  the  plunger  was  very  deficient  in  water,  and  that 
part  of  the  ore  bed  was  "  dead. "  The  bed  on  such  a  jig  swings  Hke  a  door 
hinged  at  one  side  of  the  compartment,  instead  of  jigging  uniformly  over 
the  entire  surface.  This  introduces  two  harmful  conditions:  first,  the 
jigging  action  most  favorable  to  good  work  occurs  on  only  a  small  per- 
centage of  the  total  sieve  area;  and,  second,  a  third  of  the  area  is  doing  no 
work,  which  overcrowds  the  other  two-thirds.  Even  where  the  conditions 
are  ideal  in  other  respects,  serious  overcrowding  is  almost  certain  to  pro- 
duce a  loss  of  profit,  because  of  high  metal  losses  or  extra  expense  at 
some  other  point  in  the  mill. 

Table  1. — Distribution  of  Running  Water  over  Width  of  Jig  Series 

Jig  A 


Clean  Screen  and  No  Bed  of  Ore 


Portion 
Nearest 
Plunger 


Middle 
Portion 


Portion 
Farthest 

from 
Plunger 


Total 


With  Bed  of  Ore 


Portion 

Nearest 
Plunger 


Portion 
Middle      I    Farthest 
Portion  from 

Plunger 


Total 


8.4 
30.3 
43.1 
50.2 
54.6 
60.0 


97.7 
64.6 
58.7 
54.4 
52.3 
63.7 


0.2i 
14.2 
23.0 
31.1 
35.6 
36.3 


2.3 
30.3 
31.3 
33.6 
34.2 
32.5 


0.0 
2.4 
7.3 
11.1 
14.1 
15.5 


O.OJ  8.6' 
5.1  46.9 
9.9  73.4 
12.0  92.4 
13.5  104.3 
13.8  111.8 


100 
100 
100 
100 
100 
100 


22.4 
43.9 
58.0 
69.5 
66.1 


71.8 
59.3 
57.9 
59.5! 
50.5 


8.8 
28.2 
35.6 
40.6 
56.1 


28.2 
38.1 
35.6 
34.7 
42.8 


0.0 
1.9 
6.5 
6.8 
8.8 


0.0  31.2 
2.6}  74.0: 
6.5  100.1' 
5.8  116.9 
6.7    131.0' 


100 
100 
100 
100 
100 


JigB 


Clean  Screen  and  No  Bed  of  Ore 

With  Bed  of  Ore 

Portion 
Nearest 
Plunger 

1  Portion 
Middle  Farthest 
Portion      ;        from 

j     Plunger 

1 

To 

tal 

Portion 
Nearest 
Plunger 

Portion 

Middle          Farthest 
Portion             from 
Plunger 

Total 

^ 

*> 

*j 

^ 

a 

a 

a 

a 

a 

a 

0 

a 

0 

0 

0 

U 

0 

O 

O 

O 

.a 

h 

.0 

S3 

.d 

^ 

.d 

S 

pQ 

x> 

a 

ji 

J2 

<o 

S 

(U 

I-) 

PM 

^A 

(k 

V) 

P^ 

>A 

Pk 

i-q 

PM 

i-l 

PU 

hJ 

(k 

22.8 

53.5 

19.2    45.1 

0.6      1.4 

1 
42.6 

100 

35.3 

11'! 

30.7    42.9    37.2    37.0    32.1 

115.2 

100 

51.5 

29.2 

67.8    38.5 

56.7    32.3 

176.0 

■  100 

55.2 

32.8'   60.3    35.7    53.1 

31.5  168.6    100 

99.2 

30.9 

111.2    34.7 

110. 3|  34.4 

320.7 

100 

89.4 

31.5    97.0    34.2    97.1 

34.3  283.5    100 

1 

89.3 

29.4  108.5    35.8  105.4'   34.8303.2     100 

136.5 

31.6  143.4    33.1 

152.8    35.3  432.7    100 

128.8 

29. 6153. Ij   35.2 

153.1    35.2435  0    100 

» Lb.  =  pounds  of  water  per  minute  rising  through  1  sq.  ft.  of  sieve 
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Jig  B,  in  general,  has  a  reasonablj^  unifoiju  distribution  of  tlie  water, 
in  sharp  contrast  to  jig  -4;  this  shows  the  need  for  thorough  investigation 
of  the  proportions  in  jig  design.  The  following  figures  indicate  that  in 
jig  A  the  under-sieve  partition,  between  sieve  and  plunger  compartments, 
was  too  shallow,  and  that  both  plunger  and  throat  were  too  narrow. 
Sudden  changes  in  velocity  of  the  water  between  the  plunger  and  the  screen 
are  likely  to  cause  harmful  eddies.  Lengthening  the  path,  by  means  of  a 
suitably  deep  partition,  tends  to  lessen  such  eddies. 


Ratio    Between 
Depth  op  Parti- 
tion   AND  Width 
OP  Screen 


Ratio  of  Plunger  Ratio  of  Throat 
to  Screen  Width    to  Screen  Width 


Jig  A. 
JigB. 


0.23 
0.33 


0.52 
0.69 


0.46 
0.50 


A  good  deal  of  work  has  been  done  toward  perfecting  the  mechanical 
features  of  the  Wilfley  type  table.  There  has  also  been  some  stud}^  as  to 
the  action  in  the  bed  of  ore,  and  the  effect  on  this  action  of  the  riffles  and 


Fig.  2. 


Jig  A  Jig  B 

-Jig  a,  screen  area  24  X  41  in.;  Jig  B,  screen  area  26  X  38  in. 


the  table  motion.  These  studies  need  to  be  continued.  It  seems  to  be 
assumed,  by  some,  that  the  riffles  are  merely  to  guide  the  concentrate 
away  from  the  middling.  Such  evidently  was  the  original  purpose  but 
the  systematic  riffling  now  used  makes  a  considerable  depth  of  bed,  in 
which  the  action  is  entirely  different  from  what  takes  place  in  the  thin 
layer  of  ore  on  a  round  table. 

Serious  losses  of  value  and  expense  for  additional  treatment  are 
certain  to  result  from  the  adoption  of  unsuitable  methods.  One  fault  is 
the  feeding  of  hydrauHc  classifier  products  to  jigs.  The  best  results  are 
obtained  when  ore  is  prepared  for  treatment  by  a  principle  as  far  removed 
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as  possible  from  that  on  which  the  treatment  machine  operates.  Screens 
are  based  on  the  principle  of  exact  sizing;  hydraulic  classifiers  act  by 
free  or  hindered  settUng;  while  jigs  utilize  the  principle  of  hindered  settling. 
Free  and  hindered  settling  are  one  in  kind  but  differ  in  degree,  the  ratio 
between  diameters  of  the  light  and  the  heavy  minerals  being  greater 
under  hindered  than  under  free  settling  conditions.  Either  of  these 
ratios  is  necessarily  greater  than  1.0;  but  in  sizing  the  ratio  is  exactly  1.0. 

100 


10 
100 


2  4  G 

Cumulafive  Copper  Assau 
0  ZO  40  60  80 

Cumula+ive  Per  CGn+  of"  Total  Ore 

Fia.  3. 

Jigs  that  receive  well-sized  feed  do  cleaner  work  than  those  fed  from 
classifiers.  Classified  feed  is  better  adapted  to  treatment  on  shaking 
tables  than  on  jigs.  These  tables  use  the  principle  of  crowded  settling, 
for  which  the  ratio  of  diameters  is  greater  than  in  the  case  of  either  free 
or  hindered  settling. 

In  one  case  where  the  feeds  ranged  from  '^{q  in.  to  fines  and  contained 
about  134  per  cent,  copper,  the  tables  made  51  per  cent,  recovery  in  a 
concentrate  that  assayed  6.85  per  cent,  copper  and  25.4  per  cent,  insolu- 
ble; while  the  jigs  recovered  only  29  per  cent.,  in  a  concentrate  that 
assayed  4.78  per  cent,  copper  and  47.6  per  cent,  insoluble.  This  case 
may  be  considered  unusually  favorable  to  tables;  but,  in  general,  when 
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fed  from  classifiers  they  make  better  recovery  in  concentrate,  or  a  lower 
tailing  loss,  or  both,  than  jigs. 

When  comparing  jig  and  table  mills  with  flotation  plants,  the  latter  are 
often  approved  for  the  simplicity  of  their  flow  sheets;  but  this  argument 
seems  to  be  overdone  when  we  consider  the  numerous  dewatering  and 
thickening  tanks,  filters,  vacuum  pumps  and  driers  required.  The  high 
recovery  from  slime,  of  course,  justifies  the  adoption  of  flotation  in  most 
cases;  but  a  serious  defect  in  perhaps  most  flotation  products  is  the  high 
percentage  of  alumina  in  the  insoluble  portion  of  the  concentrate.  For 
lead  and  copper  smelting,  a  certain  amount  of  siKca  must  be  left  in  the 
concentrate  in  order  to  flux  the  iron  originally  present  as  sulfide;  but 
silica  combined  with  alumina  is  harmful,  because  it  increases  the  amount 
of  slag,  and  therefore  the  total  loss  of  metal  in  slag.  Moreover  there  is 
reason  to  believe  that,  in  slag,  alumina  often  forms  spinels  and  other 
compounds,  which  increase  the  loss  of  valuable  metals.  The  following 
figures  from  one  plant  show  this  high  alumina : 

Assays  Ratio      op 

AhOa  to 
AhOa  SiOj  SiOi.  Per 

Per  Cent.  Per  Cent.       Cext. 

Ore 7.6  57.4  13 

Coarse  gravity  concentrate 1.5  16.2  9 

Fine  gravity  concentrate 1.6  15.4  10 

Coarse  flotation  concentrate 4.9  18.4  27 

Fine  flotation  concentrate 9.3  19.8  47 

In  the  gravity  concentrate,  the  ratio  of  alumina  to  silica  is  less  than  in  the 
original  ore;  but  in  the  flotation  concentrate,  it  is  very  much  greater  than 
in  the  ore.     Similar  results  are  found  in  other  plants. 

Gravity  methods  have  been  seriously  handicapped  by  the  excessive 
quantity  of  water  often  used.  Classifiers  and  concentrators  have  done 
much  better  work  when  the  usual  floods  of  water  were  available.  Here 
and  there,  dewaterers  and  thickeners  were  used,  but,  in  general,  they 
were  avoided  because  the  operators  did  not  wish  to  bother  with  them. 
However,  the  necessities  of  modern  development  in  fine  grinding  and 
flotation  have  accustomed  mill  men  to  such  equipment;  and  this 
experience  will  contribute  to  the  advancement  of  gravity  concentration. 

When  making  comparative  tests  of  two  machines,  it  is  nearly  impos- 
sible to  obtain  the  same  grades  or  same  quantities  of  products,  which 
often  makes  it  difficult  to  compare  results.  But  graphical  methods  make 
it  easy  to  show  what  the  results  from  either  machine  would  have  been 
under  different  conditions.  Fig.  3  represents  the  results  of  the  compara- 
tive test  of  jigs  and  tables  mentioned.  One  pair  of  curves  shows  the 
recoveries  in  relation  to  the  assays  of  the  products.  Point  a  shows 
the  concentrate,  6  the  assay  of  combined  concentrate  and  tailing,  and 
c  the  assay  of  total  concentrate,  middling,  and  tailing.     The  curves  show 
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that  if  the  tables  had  made  a  concentrate  having  the  same  assay  as 
that  of  the  jigs,  their  recovery  would  have  been  56  per  cent,  of  the  total 
value  instead  of  the  actual  recovery  of  only  51  per  cent. 

The  other  pair  of  curves  shows  the  relation  of  the  copper  recovery  to 
the  tonnage  of  products.  Point  d  shows  the  percentage  of  the  total  ore 
that  appeared  as  concentrate,  e  the  combined  percentage  of  concentrate 
and  middUng,  while  the  100  per  cent,  point  combines  the  tailing  with  the 
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other  two  products.  From  these  curves  the  percentage  of  the  total  cop- 
per that  would  be  recovered  in  any  weight  that  might  be  taken  as  con- 
centrate, or  for  any  weight  discarded  as  tailing,  can  be  found. 

Fig.  4  shows  assay  results  from  two  tables  operated  in  comparison 
with  one  another.  On  such  plots,  one  curve  is  likely  to  be  above  the 
other  all  the  way  along,  as  in  Fig.  3;  but  in  Fig.  4  they  cross;  and  in  such 
case  the  graphic  method  is  even  more  necessary  and  useful  than  in  a  case 
like  Fig.  3. 

Robert  H.  Richards,  Boston,  Mass.  (written  discussion). — A 
paper  on  mining,  ore  dressing,  or  metallurgy  that  treats  the  subjects 
from  the  purely  theoretical  point  of  view,  on  the  basis  that  the  materials 
considered  are  perfect,  is  good  as  it  gives  us  a  view  of  perfection  toward 
which  we  should  strive.  This  paper  belongs  to  this  class.  The  author 
assumes  that  the  grains  under  consideration  are  uniform,  perfect  cubes 
or  perfect  spheres,  and  that  included  grains,  consisting  of  a  portion  of 
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concentrate  mineral  included  in  the  tailing  grain,  do  not  exist.  In  other 
words,  investigations  of  this  class  deal  with  only  part  of  the  facts. 

But  papers  of  this  class  do  not  do  away  with,  or  take  the  place  of, 
writings  that  strive  to  present  all  the  facts  and  give  average  results  that 
should  be  approached,  and  can  be  occasionally  attained,  when  we  have 
installed  all  improvements  that  are  commercially  possible.  Writings 
of  this  class  depend  on  the  results  of  experiment  and  include  in  their  con- 
sideration all  variations  of  form  of  the  grain  (cubic,  spheric,  flat,  and 
needle-Hke  grains)  and  also  every  possible  included  grain,  ranging  from 
pure  gangue  to  pure  mineral  concentrate;  they  also  include  the  struggle 
to  overcome  the  infinite  variety  of  eddy  currents  when  the  grains  are 
being  treated. 

In  the  second  paragraph  on  page  431,  the  author  says  that  Rittinger 
reached  conclusions  by  higher  mathematics  that  have  remained  a  sealed 
book  to  most  of  us.  I  was  in  that  predicament  until  I  worked  out  a 
simple  derivation  of  Rittinger's  fundamental  formula.^ ^  I  do  not  know 
whether  Rittinger  obtained  his  formula  by  my  method,  by  Professor 
Simons',  or  by  some  other. 

The  author  then  devotes  33^  pages  to  formulas  investigating  accelera- 
tion and  finally  reaches  Rittinger's  fundamental  formula.  On  page  436 
he  develops  formulas  for  settling  of  grains  of  hke  form  in  a  medium  denser 
than  water  (the  quicksand  of  T.  M.  Chance)  showing  the  increased  ratio 
of  diameters  of  equal-falhng  particles  of  different  gravities.  This  can 
be  found  in  my  text  book  (p.  269)  in  a  briefer  form  and  when  dealing  with 
average  grains. 

On  pages  436  to  439  the  author  develops  formulas  for  acceleration  and 
proves  that  before  the  ultimate  uniform  velocity  has  been  reached  the 
small  denser  mineral  grain  has  a  slight  advantage  over  the  larger  gangue 
grain  even  if  they  are  so-called  equal  falUng.  This  same  idea  was  inves- 
tigated by  me  in  one  of  my  papers  using  Rittinger 's  data;  I  cannot  put  my 
hand  on  the  reference  at  this  time. 

On  page  439,  the  author  discusses  the  behavior  of  a  grain  in  an 
ascending  cm-rent  of  water;  and  on  page  442,  in  a  descending  current 
of  water,  the  inference  is  that  the  behavior  of  the  sand  and  water  is  rela- 
tively the  same  as  if  the  water  was  still  and  the  sand  was  settling  in  it. 

I  have  found  in  the  tubular  classifier^^  that  there  are  eddy  currents 
for  2  or  3  in.  up  and  down,  where  the  mass  is  descending  on  one  side  of 
the  tube  while  ascending  on  the  other,  and  that  by  replacing  the  steady 
upward  current  by  an  upward  current  pulsating  300  to  400  times  a  minute, 
these  adverse  eddy  currents  are  entirely  eliminated  and  the  work  of  the 
tube  greatly  improved,  because  at  the  instant  of  high  velocity,  the  resis- 


"  Text  Book  of  Ore  Dressing,"  264. 
18  "Text  Book  of  Ore  Dressing,"  270. 
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tauce  due  to  friction  is  greatly  increased  according  to  some  power  of  the 
velocity,  and  this  causes  the  rising  current  to  have  practically  the  same 
velocity  in  all  parts  of  the  section.  When  discussing  classification  pre- 
vious to  film  sizing  on  a  table  (page  446)  the  author  develops  formulas 
and  arrives  at  the  conclusion  (a)  that  if  the  velocity  of  the  water  is  the 
same  at  all  depths  of  the  film  on  the  surface  of  the  table,  the  classification 
will  not  aid  the  separation  on  the  surface  of  the  table;  but  he  says  (6) 
that  the  velocity  at  the  top  of  the  film  is  greater  than  at  the  bottom  and 
that  therefore  the  gangue  grain  is  moved  down  the  slope  faster  than  the 
small  heavier  grain  and,  in  consequence,  the  classifier  does  help  the  separa- 
tion on  the  table.  I  have  only  dealt  with  the  position  taken  in  (h)  in 
my  experimental  work,^^ 

Theodore  Simons  (author's  reply  to  discussion). — Fearing  that 
certain  omissions  in  the  paper  may  have  given  the  impression  of  lack,  on 
the  part  of  the  author,  of  appreciation  of  the  great  services  of  Professor 
Richards  to  the  profession,  or  that  the  author  intended  to  claim  credit  for 
discovering  facts  already  established  by  preceding  investigators,  he  would 
call  attention  to  both  the  introductory  remarks  and  the  conclusion  of  the 
paper. 

As  explained  at  the  San  Francisco  meeting,  one  of  the  objects  of  the 
paper  was  to  demonstrate  that,  by  the  aid  of  pure  mathematics,  facts 
can  often  be  predicted  that  may  afterwards  be  proved  by  experimental 
methods;  for  instance,  the  harmful  effect  of  suction  when  jigging  closely 
sized  material.  The  message  that  the  paper  intended  to  convey,  particu- 
larly to  the  younger  engineers,  was  that  for  making  scientific  investiga- 
tions, mathematics  offers  the  most  helpful,  and  at  the  same  time  the  most 
perfect,  tool  at  our  command. 

It  is  a  common  experience  that  investigators  of  the  same  subject  have 
often  come  to  the  same  conclusions  independently  of  one  another.  For 
this  reason  the  author  carefully  quoted  references  known  to  him.  Had 
he  read  Professor  Richards'  paper  referred  to  in  his  discussion  of  pages 
436  to  439,  he  would  have  quoted  it  just  as  he  quoted  T.  M.  Chance's 
paper,  although  he  has  used  and  expounded  these  relations  in  his  lectures 
for  the  last  twelve  years  or  more. 

It  would  be  incorrect  to  assume  that  the  author  "arrived  at  the  con- 
clusion (a)  that  if  the  velocity  of  the  water  is  the  same  at  all  depths  of  the 
film  of  water,  the  classification  will  not  aid  the  separation."  What  he 
did  say  is  that  "the  similarity  of  equation  (49)  with  equation  (21)  seems 
to  justify  the  inference  that  classified  material  .  .  .  does  not  lend  itself 
to  a  satisfactory  separation,  etc.  His  actual  conclusion  (6),  after  ex- 
plaining the  fallacy  of  the  assumption  of  uniform  velocity  throughout 

19  "Text  Book  of  Ore  Dressing,"  376. 
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the  water  film,  was,  of  course,  quite  different  from  inference.  All  of 
which  points  to  the  risk  assumed  by  the  writer  who  attempts  to  discuss  a 
large  subject  in  a  short  paper.  In  this  case,  however,  the  risk  was  amply 
justified  by  the  fact  that  it  ehcited  a  valuable  contribution  by  the 
pioneer  of  scientific  ore  dressing  in  America. 
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Factors  Controlling  the  Capacity  of  Rock  Crushers 

By  Ernest  A.  Hersam,*  Berkeley,  Cal. 

(San  Francisco  Meeting,  September,  1922) 

The  rate  of  output  of  a  rock  crusher  is  based  upon  a  certain  space 
relation,  the  calculation  requiring  that  the  size  and  position  of  the  jaws, 
the  principle  of  motion,  and  the  speed  of  the  machine  be  known.  The 
result  is  a  calculated  maximum  output.  The  purpose  of  this  paper  is  to 
develop  a  method  of  calculating  this  maximum  output,  tu  judge  the  general 
appHcability  or  utihty  of  such  a  calculation,  and,  so  far  as  possible,  to 
record  calculated  values  as  a  basis  for  the  comparison  of  actual  results, 
or  for  estimating  the  capacity  of  a  new  crusher  or  of  a  standard  crusher 
working  under  new  conditions. 

A  method  for  calculating  the  capacity  of  crushing  rolls,  which  has  been 
in  common  use  for  a  long  time,  is  well  presented  by  R.  H.  Richards.^ 
The  output  is  conceived  as  a  ribbon  of  rock,  of  which  the  breadth, 
thickness  and  length  are  governed  respectively  by  the  width  of  the  rolls, 
the  space  between  them,  and  their  peripheral  velocity.  The  weight  of 
the  rock  thus  crushed  in  a  given  time  can  be  calculated  from  its  specific 
gravity,  after  applying  a  factor  representing  the  percentage  of  voids  in 
the  hypothetical  ribbon. 

The  calculation  of  crusher  capacity  is  made  in  a  somewhat  similar 
manner.  While  the  action  of  rolls  is  simple,  with  few  irregularities  in 
operating  conditions,  in  rock  crushers  the  material  advances  intermittently, 
usually  under  the  force  of  gravity  alone,  and  is  subjected  to  a  variety  of 
variable  conditions.  The  effect  of  these  variable  influences  upon  the 
calculation  of  capacity  is  now  to  be  shown.  In  this  paper,  capacity  will 
be  discussed  quite  apart  from  any  consideration  of  mechanical  efficiency; 
that  is,  results  will  be  stated  not  in  terms  of  output  per  horsepower,  but 
of  output  for  a  given  machine  when  operated  at  a  known  speed,  con- 
structed and  adjusted  to  receive  material  of  a  known  size,  and  to  yield 
a  product  having  a  definite  maximum  coarseness. 

*  Associate  Professor  of  Metallurgy,  University  of  California. 
i-'Ore  Dressing,"  1,  101;  "Text  Book  of  Ore  Dressing,"  67;  "Mining  Engineers' 
Handbook,"  1632. 
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In  ciiisliois,  of  either  the  jaw  or  the  gyratory  type,  a  fragmeut  of  rock 
passes  forward  intermittently  into  the  space  between  the  jaws.  It  is 
arrested  when  the  jaws  begin  to  close  upon  it;  it  is  crushed  while  the  jaws 
are  closing;  it  passes  in  limited  amount  from  the  crushing  area  while  the 
jaws  are  opening,  and  is  replaced,  at  the  same  time,  by  rock  received  from 
above.  The  amount  of  rock  discharged  during  a  single  cycle  of  the 
machine  thus  depends,  primarily,  upon  the  size  of  the  opening  at  the 
bottom  of  the  jaws,  but  is  modified  by  the  form  and  the  angle  of  the  jaws, 
the  amplitude  of  the  movement,  the  state  of  the  surface  of  the  jaws, 
and  by  other  conditions.  The  attainment  of  the  calculated  capacity 
depends  upon  the  maintenance  of  an  adequate  feed,  but,  as  will  be  shown, 

capacity  is  not  greatly  affected  by  any 
excess  of  feed.  The  rock,  arrested  in  its 
progress,  acquires  fresh  velocity  at  each 
cycle  of  the  machine.  The  propulsive 
force,  usually  the  force  of  gravity,  is 
independent  of  the  mechanism  of  the 
crushing  jaws.  The  speed  of  the  machine 
should  therefore  be  maintained  in  proper 
relation  with  the  acceleration  due  to 
that  force.  The  amount  of  retardation 
in  the  descent  of  the  rock,  as  the  jaws 
open,  depends  on  the  form,  surface,  angle 
and  position  of  the  jaws,  and  on  the 
speed  of  the  machine. 

Fig.  1  represents  a  longitudinal 
vertical  section  through  the  jaws  of  a 
reciprocating  crusher.  The  construction 
may  be  supposed  to  be  such  as  to 
provide  equal  amplitude  of  movement  of  the  jaw  at  top  and  bottom. 
If  applied  to  a  gyratory  crusher,  it  would  be  a  radial  vertical  section  of 
the  space  between  Hner  and  breaking  head;  or  if  appUed  to  a  machine  of 
the  disk  type,  it  would  be  a  radial  section  of  the  space  between  the  crush- 
ing cones.  In  the  case  of  a  jaw  crusher,  the  line  BI  indicates  the  crushing 
surface  of  the  movable  jaw  at  its  position  of  closest  approach  to  the  fixed 
jaw  AH.  The  lines  BC  and  IJ  are  represented  as  straight  hnes;  in  most 
jaw  crushers,  the  movable  jaw  describes  a  short  arc,  of  which  BC  and  IJ 
would  be  chords,  but  measurement  along  the  straight  hnes  does  not 
introduce  an  appreciable  error.  The  hnes  FG  and  IJ  are  shown  as  of 
the  same  length  and  the  dotted  line  CJ  is  made  parallel  to  BI,  although 
not  strictly  representing  the  motion  of  most  jaw  crushers.  The  space 
indicated  by  the  quadrilateral  ABIH  shows  the  entire  volume  between  the 
jaws  when  closed,  while  ACJH  represents  the  corresponding  space 
when  the  jaws  are  open.     Of  this  space,  a  certain  restricted  part  DFIII 
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governs  the  quantity  of  rock  discharged  at  each  cycle  of  the  machine, 
and  may  be  regarded  as  the  displacement  volume  of  the  crusher.  The 
rock,  which  occupies  the  space  DFIH  while  the  jaws  are  closed,  descends 
between  the  jaws  and  falls  from  the  opening  HJ  as  this  becomes  wider  by 
movement  of  the  jaw  from  I  to  J;  rock  at  the  level  of  DF  thus  reaches 
the  position  indicated  by  HJ.  Since  the  dimension  HJ  fixes  the  position 
of  DF,  it  also  determines  the  amount  of  rock  discharged  at  each  opening 
of  the  jaw. 

Itw  is  the  width  of  the  jaws,  the  volume  S  of  the  crushed  and  com- 
pacted rock  discharged  at  each  cycle  of  the  machine  is  obviously 

S  =  y2  (DF  +  HI)XPlXw  (1) 

This  may  be  called  the  potential  displacement  volume. 

The  dimension  w,  in  the  case  of  a  jaw  crusher,  is  found  by  direct 
measurement.  In  a  gyratory  crusher,  w  is  the  circumference  of  a  circle 
concentric  with  the  conical  jaw  and  midway  between  the  liner  and  the 
breaking  head  when  nearest  together.  The  dimension  PI,  or  the  height 
through  which  the  rock  drops  as  the  jaws  open,  is  calculated  from  the 
distance  and  the  angle  between  the  jaws  when  closed.  If  j3  is  one-half 
of  this  angle, 

PI  =  y^  EF  cot  ^  =  y2  {DF  -  DE)  cot  /3  =  >^  {DF  -  HI)  cot  /3    (2) 

For  subsequent  computation,  let: 

a  —  DF  or  i//,  the  distance  between  jaws  at  bottom,  when  open. 

6  =  HI  or  DE,  the  distance  between  jaws  at  bottom,  when  closed. 

c  =  PI,  the  depth  of  rock  replaced  at  each  cycle. 

d  =  total  vertical  depth  of  the  crushing  space,  between  AB  and  HI. 

e  =  AB,  the  distance  across  the  top,  between  jaws,  when  closed. 

Substituting  these  terms,  equation  (1)  becomes 

S  =  y2{a  +  h)  XcXw  (3) 

Equation  (2)  becomes 

c  =  K  (a  -  6)  cot  ^  (4) 

Substituting  this  value  of  c  in  equation  3, 

S  =  y{a  +  b)  X}i{a-  b)  cot|8  X  w  (5) 

Since                           cot  &  =  d  ^  }4  {e  -  b),  (6) 

a+  b    ,  /a  —b          d     \ 
S  =  ^^  X  /  -'^r~  X  z z  \  Xw 


(--4^) 


or,  more  conveniently  for  mmierial  substitution, 

2{e-  b) 


S=S7ZriAX'"Xd  (8) 
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In  the  practical  operation  of  a  crusher,  it  is  obvious  that  certain 
mechanical  irregularities  may  cause  deviations  from  theoretical  values. 
The  causes  of  these  discrepancies  may  be  grouped  as  follows : 

1.  Shattering. — A  necessary  increase  above  the  calculated  capacity 
results  from  the  shattering  and  disentanglement  of  the  rock  during  the 
approach  of  the  jaws  upon  it.  This  effect  reaches  its  maximum  when  a 
dry  rock  is  of  such  fine  size  as  to  require  but  a  slight  reduction  to  pass 
through  the  opening  between  the  jaws.  The  same  result  occurs  when  a 
highly  elastic  rock  disrupts  violently  at  the  instant  of  fracture. 

2.  Resistance. — The  theoretical  output  is  diminished  when  the  rock 
fails  to  drop  stably  into  the  displacement  space  as  the  jaw  of  the  machine 
opens.  This  may  be  due  to  friction,  or  to  adhesion  of  the  rock  to  the 
jaw  liners,  and  is  most  pronounced  when  the  surface  of  the  liners  is  rough, 
when  the  rock  is  angular,  adhesive,  damp,  or  low  in  density. 

3.  Speed. — The  theoretical  capacity  is  diminished  when  a  machine 
is  run  at  so  high  a  speed  that  the  rock  is  unable  to  fall  the  entire  distance 
to  be  traversed  at  each  cycle.  If  the  force  of  gravity  alone  does  not 
provide  the  necessary  falling  velocity,  either  the  machine  must  be  run 
more  slowly,  or  force  must  be  developed  in  some  other  manner,  as,  for 
example,  by  the  centrifugal  action  of  the  disk  crushers.  Depending  upon 
gravity  alone,  increasing  the  speed  of  the  machine  obviously  cannot 
cause  a  proportionate  increase  of  capacity  beyond  a  rather  low  limit. 
The  theoretical  output  corresponding  to  a  high  speed  can  rarely  be 
attained.  The  effect  approaching  the  speed  limit  therefore  requires  to 
be  examined. 

4.  Slipping. — The  theoretical  capacity  of  a  crusher  will  be  diminished 
by  the  slipping  and  upward  displacement  of  the  rock  as  the  jaws  advance 
upon  it.  This  result  is  to  be  expected  when  the  angle  between  the  jaws 
is  unduly  large;  when  the  distance  between  the  jaws  is  considerably 
greater  than  the  size  of  the  rock  fragments;  or,  when  the  surface  of  the 
jaw  liners  is  too  smooth.  This  upward  thrust  may  sometimes  be  detected 
at  a  point  higher  than  the  displacement  zone  under  consideration. 

5.  Interference. — The  theoretical  capacity  is  diminished  by  the  fact 
that  the  rock,  even  under  compression  between  the  closed  jaws  of  the 
machine,  will  not  occupy  the  full  displacement  volume.  Voids  are  always 
present.  This  irregularity  is  probably  the  principal  cause  of  the  dis- 
crepancy between  theoretical  and  practical  crushing  capacity.  Since  ore 
or  rock  is  practically  incompressible,  some  free  space  is  necessary  to 
permit  readjustment  of  pieces  as  fracture  occurs.  Any  condition  which 
diminishes  this  inetrstitial  space  increases  the  output,  but  at  the  expense 
of  friction  and  excessive  comminution  of  the  material.  The  presence  of 
fine  material,  whether  entering  with  the  feed,  or  retained  by  failure  of  the 
crusher  to  release  it,  diminishes  the  volume  of  voids. 

In  the  following  calculations,  the  factor  k  is  made  to  embrace  all  of  the 
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influences  above  described,  which  cause  divergence  between  theoretica 
and  actual  capacity.  The  theoretical  weight  of  material  which  should 
be  discharged  at  each  cycle  of  the  crusher  then  can  be  derived  by  ex- 
tending equation  (8)  as  follows: 

M  =  Y{e~^^  XwXdXsX  0.036  (9) 

where  M  is  the  weight  in  pounds  deHvered  at  each  cycle;  a,  b,  e,  d,  and  w, 
in  inches,  are  the  dimensions  previously  described;  s  is  the  average 
density  of  the  solid  rock;  and  0.036  is  the  approximate  weight  of  1  cu. 
in.  of  water. 

The  actual  capacity  in  tons  per  hour  is: 

^  =  Ui^)  X  «>  X  rf  X  s  X  0.036  X  2000  X  joo  dO 

where  n  is  the  thrusts  or  revolutions  per  minute,  and  h  is  the  percentage 
of  the  theoretical  capacity  actually  attained. 
Simplifying  equation  (10)  gives 

T  =  0.0000054  T^Y^  XnXivXdXsXk  (11) 

or 

T{e-h) 
^      0.0000054  (a2  -  h^)  nwds  ^^^^ 

The  value  of  the  factor  k,  corresponding  to  a  given  set  of  operating 
conditions,  could  now  be  ascertained  by  test.  Most  of  the  tests  were 
conducted  with  small  crushing  machines  so  adjusted  as  to  allow  an 
operating  period  of  three  minutes  or  more,  and  dimensions  were  measured 
with  all  possible  accuracy.  The  most  difficult  measurement  was  the 
width  of  the  opening  between  bottoms  of  jaws,  when  these  were  closed,  or 
HI  of  Fig.  1.  This  distance  was  averaged  to  the  nearest  0.01  in.,  and  the 
surfaces  and  edges  of  the  liners  were  kept  in  as  good  condition  as  possible. 
In  some  of  the  tests,  a  much  larger  quantity  of  material  and  a  longer 
period  of  operation  had  to  be  chosen,  to  suit  special  requirements  as  to 
weighing  or  measurement.  Time  was  measured  to  }i  sec,  and  the  output 
was  deflected  for  a  definite  period,  and  then  weighed.  Of  the  following- 
named  crushers  tested,  the  first  and  the  third  were  most  used. 

1.  A  Dodge  jaw  breaker  having  a  top  opening  of  4  by  6  in.,  with  6 
by  8-in.  hners  at  an  angle  of  30°.  This  was  adjustable  as  to  speed, 
and  was  modified  to  change  the  position  and  form  of  jaws,  angle  be- 
tween jaws,  and  the  amphtude  of  movement  at  top  and  bottom. 
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2.  A  Sturtevant  laboratory  jaw  crusher  having  a  top  opening  of 
3  by  G  in.,  with  G  by  6-in.  hners  at  30°,  and  amplitude  of  ^4  in.  at 
the  bottom  of  the  liners. 

3.  A  McCully  model  crusher,  having  an  opening  9  in.  in  diameter  at 
the  top,  an  angle  of  223"^°  between  breaking  head  and  liners  at  the 
bottom,  and  an  eccentricity  of  0.0769  in. 

4.  A  Comet  crusher,  laboratory  size,  with  opening  9  in.  in  diameter, 
angle  of  20°  between  breaking  head  and  liners  at  the  bottom,  and 
eccentricity  of  3^^  in. 

5.  A  McCully  No.  5  crusher,  with  opening  36  in.  in  diameter  at 
the  top,  and  an  angle  of  25°  between  breaking  head  and  liners  as  worn 
at  the  bottom. 

6.  A  Hercules-Blake  crusher,  with  6  by  73^^-in.  opening,  and  angle 
of  26°  between  jaws. 

The  results  of  the  following  tests  are  grouped  in  such  a  way  as  to  show 
the  effect  of  each  variable  condition,  by  itself,  on  the  value  of  the  factor  k. 
These  variable  conditions  were:  (a)  toughness  of  the  rock;  (6)  density  of 
the  rock;  (c)  coarseness  of  feed;  (d)  uniformity  in  size  of  feed;  (e)  fineness 
of  product;  (/)  speed  of  the  crusher;  (g)  angle  between  jaws;  {h)  condition 
of  jaw  faces;  (i)  ampHtude  of  movement;  (j)  position  of  jaw  fulcrum; 
(k)  principle  of  motion,  whether  gyratory  or  reciprocating. 

(a)  Toughness  of  Rock. — The  three  materials  selected  for  this  test  were 
as  nearly  as  possible  identical  in  density,  size,  and  other  qualities,  but 
varied  in  toughness.  They  were:  hard  quartz,  having  high  elasticity  but 
httle  plasticity;  a  less  elastic  granite;  a  tough  and  only  slightly  elastic 
trap  rock.  The  averaged  results  of  closely  duplicating  are  shown  in 
Table  1. 

Table  1. — Variation  in  Toughness  of  Rock 

Constant  Conditions 
Crusher  used:  Dodge  type. 

a — Distance  between  jaws  (open)  at  bottom 0.520  in. 

b — Distance  between  jaws  (closed)  at  bottom 0 .  313  in. 

e — Distance  between  jaws  (closed)  at  top 4.67    in. 

w — Width  of  jaws 6 .  25    in. 

d — Vertical  depth  of  crushing  space 8 .  12    in. 

Screen  size  of  feed 1-1 . 5  in. 

n — Rev.  per  min 304 

Tons  Per  Hr. 
Material  Density  (s)  (T)  k 

Quartz 2.68  0.743  84.1 

Granite 2.66  0.665  76.0 

Trap 2.61  0.617  71.8 

The  results  indicate  a  slightly  higher  value  of  k  for  the  more  elastic 
rock.     Apparently  the  tougher  rock  breaks  in  such  a  manner  as  to  produce 
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less  fine  material,  so  that  displacement  space  is  less  closely  packed  with 
the  crushed  product.  Screen  tests  of  the  products  confirmed  this  general 
observation. 

(6)  Density  of  Rock. — A  number  of  materials,  varying  widely  in  den- 
sity, were  tested,  the  results  being  shown  in  Table  2. 

Table  2. — Variation  in  Density 

Constant  Conditions 
Crusher  used:  Dodge  type. 

a — Distance  between  jaws  (open)  at  bottom 0.520  in. 

b — Distance  between  jaws  (closed)  at  bottom 0.313  in. 

e — Distance  between  jaws  (closed)  at  top 4.67    in. 

w — Width  of  jaws 6 .  25    in. 

d — Vertical  depth  of  crushing  space 8 .  12    in. 

Screen  size  of  feed 1-2      in. 

n — Rev.  per  min 304 

Tons  Per  Hr. 
Material  Density  («)  (T)  k 

Coke 1.11  0.169  46.2 

Coal 1.91  0.288  45.8 

Granite 2.66  0.644  73.5 

Stibnite  in  quartz 3.03  0.736  73.8 

Chalcocite  in  quartz 4.40  1.083  74.7 

Galena  in  quartz 6.15  1 .  607  79 . 3 

Although  certain  properties  of  the  above  materials,  other  than 
density,  such  as  toughness,  crystalline  structure,  and  frictional  coeffi- 
cient, might  influence  the  results,  it  is  thought  that  the  range  in  density 
is  sufiiciently  wide  to  indicate  a  trend  which  is  not  entirely  obliterated 
by  the  effects  of  other  physical  qualities.  From  the  wide  variation  in 
the  value  of  k  it  is  apparent  that  a  material  of  low  density  occupies  a 
relatively  small  proportion  of  the  effective  crushing  space,  probably  because 
the  force  of  gravity  acting  upon  a  light  material  is  not  sufficient  in  the 
time  available  to  effect  the  compactness  and  stabiUty  that  is  possible 
with  heavy  material. 

(c)  Coarseness  of  Feed. — The  effect  of  variation*  in  the  coarseness  of 
feed  was  tested  with  a  uniform  grade  of  granite;  results  are  shown  in 
Table  3. 

The  actual  output  largely  exceeds  the  theoretical  in  the  case  of 
material  composed  of  particles  which  are  capable,  without  crushing,  of 
passing  through  the  machine.  Further,  the  output  diminishes  with  an 
increase  in  coarseness  of  the  material.  From  this,  it  might  appear  that 
the  limiting  zone,  when  crushing  coarse  rock,  must  lie  well  above  the 
discharge  opening,  at  the  place  where  the  larger  pieces  are  being  shattered. 
This,  however,  is  not  the  case.  In  all  crushers  now  in  use,  whether  of 
the  Blake  or  the  Dodge  type,  the  crushing  capacity  is  greater  in  the  upper 
part,  where  the  space  between  the  jaws  is  wide,  and  where  the  larger 
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Table  3. — Variation  in  Coarseness  of  Feed 

Constant  Conditions 
Crusher  used:  Dodge  type. 

a — Distance  between  jaws  (open)  at  bottom 0.450  in. 

b — Distance  between  jaws  (closed)  at  bottom 0.240  in. 

e — Distance  between  jaws  (closed)  at  top 4 .60    in. 

w — Width  of  jaws 6 . 250  in. 

d — Vertical  depth  of  crushing  space 8.12    in. 

n — Rev.  per  min 304 

s— Density 2. 66 

Tons  Per  Hb. 
Size  of  Feed,  In.  (T)  k 

3-4  0.299  40.8 

2-3  0.507  69.1 

1-2  0.544  74.2 

1^-1  0.693  94.5 

H-H  1-252  170.4 

fragments  are  being  crushed.  It  is  the  failure  of  the  coarsely  shattered 
rock,  when  falling  into  the  zone  of  final  crushing,  to  lodge  in  a  compacted 
condition  that  causes  the  retardation  in  output.  In  this  connection, 
it  is  interesting  to  note  that  when  a  small  proportion  of  coarse  fragments 
is  added  to  a  given  grade  of  finer  material  there  is  no  appreciable  diminu- 
tion of  output,  thus  indicating  that  it  is  not  so  much  the  crushing  of  large 
fragments  that  limits  the  capacity  as  the  condition  in  which  the  material 
lodges  in  the  displacement  space  below.  When  the  feed  is  already  fine 
enough  to  pass  the  discharge  opening,  its  flow  is  governed  by  conditions 
which  are  largely  independent  of  the  motion  of  the  crusher. 

(d)  Uniformity  in  Size  of  Feed. — Variation  in  the  proportion  of  coarse 
and  fine  particles  in  the  feed  introduces  a  larger  number  of  variable 
elements  than  any  of  the  characteristics  previously  described.  The 
matter  may  be  considered  from  two  directions:  first,  the  influence  of  a 
small  but  increasing  amount  of  fine  material  added  to  a  fixed  amount  of 
coarse  material;  second,  the  effect  of  adding  a  small  but  increasing  amount 
of  coarse  material  to  a  fixed  quantity  of  relatively  fine  rock.  That  is, 
a  mixture  of  coarse  and  fine  is  to  be  compared  with  either  the  coarse 
alone  or  the  fine  alone.  Tests  were  conducted  in  several  crushers  and 
with  various  rocks. 

These  tests  indicate  that  when  two  sizes  occur  in  the  feed,  the  finer 
material,  if  of  a  size  to  require  crushing,  exerts  the  controlling  influence 
on  the  value  of  k;  and  that  the  presence  of  the  coarse  has  Uttle  influence 
until  its  amount  exceeds  a  certain  limit.  So  long  as  the  quantity  of  fine 
material  is  sufficient  only  to  fill  the  interstitial  spaces  between  the  coarse 
pieces,  giving  the  maximum  compactness  in  the  feed,  the  ratio  of  actual 
to  theoretical  output,  or  the  value  of  k,  is  practically  that  recorded  by  the 
fine  alone.  The  addition  of  a  small  amount  of  fine  to  a  large  proportion 
of  coarse  material  increases  the  output  to  an  extent  nearly  equalling  the 
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entire  quantity  of  fine  material  added,  up  to  the  point  when  the  capacity  is 
practically  identical  with  that  observed  for  the  fine  alone;  at  this  point 
the  interstices  between  the  coarse  pieces  will  be  most  fully  occupied 
by  the  fine.  Beyond  this  point  capacity  is  uninfluenced  by  the  presence 
of  the  coarse,  but  is  defined  by  the  quality  of  fine  material.  Minor 
differences  were  observed  in  the  behavior  of  various  materials. 

(e)  Fineness  of  Product. — The  adjustment  as  to  fineness  of  product 
is  made  differently  in  different  machines.  In  some,  a  change  in  size  of 
aperture  alters  the  character  of  the  thrust.  This  group  of  tests  was 
made  with  a  crusher  of  the  Dodge  type,  in  which  the  distribution 
of  velocities  and  character  of  the  thrust  were  not  appreciably  changed 
by  the  adjustment  of  the  discharge  opening.  The  results  are  shown  in 
Table  4. 

Table  4. — Variation  in  Maximum  Size  of  Product 

Constant  Conditions 

Crusher  used:  Dodge  type. 

a-b — Amplitude  of  jaw  movement  at  the  bottom 0.210  in. 

w — Width  of  jaws 6.25    in. 

d — Vertical  depth  of  crushing  space 8.12    in. 

Size  of  feed 2-3      in. 

n — Rev.  per  min 304 

2/3 — Angle  between  jaws  when  closed 30° 

s — Specific  gravity  of  rock  (granite) 2 .  66 

DisT.  Between  Jaws         Dist.  Between  Jaws 

(Closed)  at  Bottom,         (Closed)  at  Top,  In.  Tons  Per  Hr. 

In.  (6)  (e)  ^T)  k 

0.240  4.60  0.507  69.1 

0.490  4.85  0.809  63.7 

0.740  5.11  1.086  60.3 

0.990  5.38  1.630  57.7 

The  results  indicate  a  larger  ratio  of  actual  to  calculated  capacity 
when  the  crusher  is  set  to  discharge  the  finer  product.  Tests  with  other 
materials,  not  reported,  indicated  a  similar  trend,  differing  in  extent,  and 
the  same  relation  was  observed  with  other  crushers  and  other  initial  sizes. 

(J)  Speed  of  the  Crusher. — Variation  in  the  speed  of  the  6  by  6-in.  jaw 
crusher  was  obtained  by  combinations  of  pulleys  to  give  the  desired  range. 
The  results  are  shown  in  Table  5. 

The  results,  within  the  range  covered,  indicate  a  progressive  increase 
in  ratio  of  actual  to  calculated  capacity  with  decreased  speed.  Variation 
in  speed  affects  the  results  in  two  ways,  one  being  effective  when  the 
machine  is  driven  at  slow  speeds  and  the  other  when  at  an  exceedingly 
high  speed.  The  velocity  acquired  by  the  falling  rock  in  a  crusher 
driven  at  high  speed  is  limited  by  the  distance  through  which  it  may 
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Table  5. — Variation  in  Speed 
Constant  Conditions 
Crusher  used:  Dodge  type. 

a — Distance  between  jaws  (open)  at  bottom 0.520  in. 

b — Distance  between  jaws  (closed)  at  bottom 0. 313  in. 

e — Distance  between  jaws  (closed)  at  top 4.67    in. 

w — Width  of  jaws 6 .  25    in. 

d — Vertical  depth  of  crushing  space 8. 12    in. 

Size  of  feed 1-1.5  in. 

s — Specific  gravity  of  rock  (trap) 2. 61 

Tons  Peb  Hh. 

Rev.  Peb  Min.  (n)  (D                                                   * 

160  0.361  79.9 

255  0.520  72.2 

304  0.617  71.8 

348  0.628  63.9 

534  0.648  62.8 

926  0.887  49.9 

0 


0.1 001 
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freely  fall  in  tlie  available  time.  Where  gravity,  as  is  usually  the  case, 
is  depended  upon  to  cause  the  fall,  the  jaws  must  obviously  be  allowed 
to  remain  open  long  enough,  to  permit  the  roek  to  enter  the  space  made 
available.  Since  gravity  is  constant,  the  desired  relation  can  exist  only 
when  speed  is  held  within  certain  limits.  In  all  cases,  the  rock  begins  to 
fall  and  acquires  increased  velocity  as  the  jaws  open.  When  the  speed 
of  the  crusher  is  slow,  the  rock  advances  by  sliding  downward  in  constant 
contact  with  the  surface  of  the  jaws.  On  the  other  hand,  when  the  speed 
is  excessively  rapid,  the  rock  is  allowed  to  drop  freely,  and  in  so  doing  it 
has  opportunity  to  segregate;  after  thus  shifting  its  position,  it  is  less 
compact  than  it  would  be  if  in  the  form  of  a  sliding  wedge-shaped  mass 
compacted  by  the  previous  thrust.  Thus,  while  the  force  of  gravity 
defines  the  limit  to  the  capacity  of  a  crusher  driven  at  excessive  speed,  it 
is  the  speed  itself  which  determines  the  capacity  when  the  speed  is  low. 
To  interpret  results  of  tests  of  this  feature,  it  is  necessary  to  observe 
the  height  through  which  the  rock  must  drop  to  secure  the  full  capacity 
within  the  time  provided  in  the  cycle,  and  to  compare  this  height  with 
the  distance  through  which  rock  falls  under  the  force  of  gravity.  Table 
6  shows  the  computed  vertical  distance,  disregarding  friction,  through 
which  material  will  fall  by  gravity  at  intervals  of  0.005  sec.  up  to 
0.25  second. 

Table  6. — Falling  Heights  under  the  Action  of  Gravity 


Time,  Sec. 

Distance,  In. 

Time,  Sec. 

Distance,  In. 

0.005     , 

0.0048 

0.130 

3.264 

0.010 

0.0193 

0.135 

3.521 

0.015 

0.0435 

0.140 

3.786 

0.020 

0.0773 

0.145 

4.064 

0.025 

0.1207 

0.150 

4.347 

0.030 

0.1739 

0.155 

4.641 

0.035 

0.2367 

0.160 

4.946 

0.040 

0.3092 

0.165 

5.260 

0.045 

0.3912 

0.170 

5.582 

0.050 

0.4831 

0.175 

5.916 

0.055 

0.5845 

*          0.180 

6.259 

0.060 

0.6955 

0.185 

6.612 

0.065 

0.8162 

0.190 

6.976 

0.070 

0.9467 

0.195 

7.345 

0.075 

1.087 

0.200 

7.728 

0.080 

1.237 

0.205 

8.120 

0.085 

1.396 

0.210 

8.520 

0.090 

1.565 

0.215 

8.930 

0.095 

1.744     . 

0.220 

9.350 

0.100 

1.932 

0.225 

9.781 

0.105 

2.130 

0.230 

10.22 

0.110 

2.338 

0.235 

10.67 

0.115 

2.555 

0.240 

11.13 

0.120 

2.782 

0.245 

11.60 

0.125 

3.019 

0.250 

12.07 
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In  Fig.  2,  the  curve  at  the  left  shows  the  distance  through  which 
rock,  acted  upon  by  gravity,  will  drop  in  periods  of  time  increasing  by 
0.005  sec.  up  to  0.10  sec.  The  curve  at  the  right,  based  on  the  rate  of 
recession  of  the  jaws,  shows  the  corresponding  free  vertical  distance 
between  jaws  available  for  the  fall  of  the  rock,  in  a  crusher  of  the  plain 
eccentric  type,  when  driven  at  300  r.p.m.  or  0.20  sec.  per  cycle.  This 
provides  0.10  sec.  for  the  opening  of  the  jaws  sufficiently  to  meet  the 
requirements  of  the  gravity  curve  at  the  end  of  the  same  period.  Under 
these  conditions,  the  rock  is  free  to  fall  throughout  the  entire  interval  of 
time  until  the  approaching  jaw  abruptly  arrests  its  descent.  The  vertical 
distance  through  which  the  rock  is  required  to  drop  in  order  to  keep  in 
contact  with  the  receding  jaws  is  PI  of  Fig.  1.  In  the  tests  recorded  in 
Table  5  the  speed  was  increased  nearly  to  the  theoretical  limit,  which  in 
this  case  was  674  r.p.m. 

{g)  Angle  between  Jaws. — In  the  design  of  a  crusher,  the  angle  between 
the  two  jaws  must  be  well  below  the  coefficient  of  friction,  in  order  that 
the  fragments  of  the  rock  may  not  be  projected  upward.  This  required 
angle  depends  upon  the  nature  of  the  rock  and  the  condition  of  the  metal 
surface,  but  in  any  particular  crusher  the  angle  is  fixed  and  small  enough 
to  suit  any  ordinary  use.  In  the  following  series  of  tests,  the  angle 
was  varied  by  special  castings  for  jaw  hners,  the  results  being  shown 
in  Table  7. 

Table  7. — Variation  of  Jaw  Angle 

Constant  Conditions 
Crusher  used: 

a — Distance  between  jaws  (open)  at  bottom 0. 592  in. 

b — Distance  between  jaws  (closed)  at  bottom 0.375  in. 

w — Width  of  jaws 6 .  25    in. 

d — Vertical  depth  of  crushing  space 8 .  12 

n — Rev.  per  min 304 

Size  of  feed 1-1.5  in. 

s — Specific  gravity  of  rock  (trap) 2 .  Gl 

Angle  Between  Jaws,  Tons  Peb  Hr.  Jaw  Spacing  at  Top 

Deo.  (2/3)  (D  (e)  k 

30  0.754  4.74  72.0 

27  0.770  4.27  65.7 

20  0.873  3.24  54.8 

14  0.862  2.37  37.7 

The  apparent  effect  of  decreasing  the  angle  is  to  diminish  the  com- 
pactness of  the  rock.  The  speed  was  sufficiently  low  to  allow  time  for 
the  material  to  drop  as  rapidly  as  the  recession  of  the  jaws  permitted. 

(h)  Condition  of  Jaw  Faces. — For  these  tests,  three  conditions  of 
surface  were  compared.  The  surface  designated  as  rough  was  a  cast- 
iron  liner  roughened  by  use,  and  studded  with  steel  bolts  %  in.  in  diam- 
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ctcr  at  f^i-in.  centers  over  the  entire  surface,  and  projecting  }{q  to 
3^^  in.  from  the  surface  of  the  cast  iron.  The  surface  described  as  medium 
was  a  cast-iron  jaw  roughened  by  service  but  not  misshapen.  The 
condition  described  as  smooth  was  a  machined  cast-iron  surface.  The 
results  are  given  in  Table  8. 

Table  8. — Variation  in  Roughness  of  Jaw  Faces 

Constant  Conditions 
Crusher  used:  Dodge  type. 

a — Distance  between  jaws  (open)  at  bottom 0.450  in. 

b — Distance  between  jaws  (closed)  at  bottom 0.240  in. 

e — Distance  between  jaws  (closed)  at  top 4.60    in. 

w — Width  of  jaws 6.25    in. 

d — Vertical  depth  of  crushing  space 8. 12    in. 

n — Rev.  per  min 304 

Size  of  feed 2-2.5   in. 

s — Specific  gravity  of  rock  (granite) 2 .  06 

Tons  Per  Hb. 
Condition  op  Jaw  Surfaces  {T) 

Rough 0.495  56.5 

Medium 0.611  69.8 

Smooth 0.649  74.2 

Increasing  the  roughness  of  the  jaw  surface  apparently  reduces  the 
percentage  of  occupancy  of  the  displacement  space. 

(t)  Amplitude  of  Movement. — The  necessary  adjustments  for  this  test 
were  made  by  raising  the  liners  above  the  fulcrum  of  a  Dodge  crusher  to 
the  height  desired,  thus  changing  the  movement  of  the  jaw.  Results  are 
shown  in  Table  9. 

Table  9. — Variation  in  Amplitude  of  Jaw  Motion 
Constant  Conditions 
Crusher  used :  Dodge  type. 

b — Distance  between  jaws  (closed)  at  bottom 0.375  in. 

e — Distance  between  jaws  (closed)  at  top 4.474  in. 

w — Width  of  jaws 6.25    in. 

d — Vertical  depth  of  crushing  space 8. 12    in. 

Size  of  feed 1-1 . 5  in. 

n — Rev.  per  min 304 

s — Specific  gravity  of  rock  (granite) 2 .  66 

Amplitdde  OP  Jaw  Move-    Jaw  Spacing  at  Bot-  Tons  Per  Hr. 

MENT,  In.  TOM,  When  Open  (a)  (.T)  k 

0.125  0.500  0.632  106.9 

0.156  0.531  0.758  99.3 

0.187  0.562  0.853  90.7 

0.217  0.592  0.874  77.0 

0.250  0.625  0.990  73.3 
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Lower  values  of  k  Avcre  found  with  larger  amplitudes,  owing  to  the 
rapid  increase  in  theoretical  tonnage  with  the  larger  amphtudes  (a  —  6 
of  equation  (11).  In  the  tests,  the  size  of  feed,  the  speed,  and  the 
maximum  coarseness  of  the  crushed  product  were  held  constant,  the 
speed  being  slow  enough  to  allow  ample  time  for  the  rock  to  drop  into 
the  region  of  final  crushing.  Additional  tests  with  other  machines, 
though  not  so  definitely  conclusive,  indicated  the  same  trend  of  results. 

0")  Position  of  Jaw  Fulcrum. — Comparison  was  made  between  crushers 
of  the  Blake  and  the  Dodge  types,  in  which  the  greater  amphtude  of 
movement  is  respectively  at  the  bottom  and  at  the  top  of  the  jaw.  The 
results  obtained  were  subject  to  the  influence  of  surface  differences  which 
could  not  be  absolutely  correlated  under  the  conditions  of  working. 
The  comparative  tests  gave  values  of  k  higher  in  some  cases,  and  lower 
in  others,  for  the  machines  of  either  type.  The  average  of  results  was 
somewhat  higher  for  the  Dodge  and  lower  for  the  Blake,  under  ordinary 
working  conditions. 

{k)  Gyratory  vs.  Jaw  Crushers. — The  results  of  tests  with  the  Comet 
and  the  small  McCully  crusher,  operating  on  granite  2-in.  and  1-in.  in 
size,  and  crushing  to  %-in.  did  not  reveal  differences  beyond  the  hmits 
of  accuracy  attainable  in  the  preparation  of  the  surface  of  the  hners 
and  the  control  of  dimensions.  The  effect  of  the  main  difference  in 
principle,  namely,  curved  surface  as  contrasted  with  flat  surface,  is  small 
in  comparison  with  other  influences  which  have  been  considered.  It  is 
to  be  noted  that  in  milling  practice  the  gj-ratory  crusher  often  is  not 
supplied  with  enough  feed  to  develop  its  full  capacity,  a  condition  which 
was  not  allowed  to  occur  in  the  tests. 

Conclusion 

When  estimating  the  capacity  of  crushers  under  given  conditions,  it 
is  necessary  to  employ  an  empirical  factor  which  has  here  been  designated 
by  the  letter  k,  representing  the  percentage  ratio  between  actual  crushing 
rate,  and  a  theoretical  capacity  based  on  the  dimensions  and  other  data 
correlated  in  equation  (12).  The  accuracy  of  this  factor  limits  the  pre- 
cision of  the  estimate.  The  actual  value  of  fc  is  a  resultant  of  numerous 
contributing  influences.  The  tests  were  designed  to  study  the  effect  of 
each  dominant  influence  by  itself,  and  to  approximate  a  correct  value 
for  the  factor  under  known  conditions.  Under  ordinary  operating  con- 
ditions, k  will  rarely  exceed  75  per  cent.;  for  particular  conditions,  a 
somewhat  more  accurate  value  can  be  deduced  from  the  data  referring 
to  the  individual  tests. 
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Henry  Hanson,  San  Francisco,  Calif,  (written  discussion). — The 
experiments,  as  tabulated  in  the  paper,  show  many  interesting  angles  to 
rock  crushing  not  previously  recorded,  or  at  least  not  so  definitely  estab- 
lished. The  experiments  show  certain  definite  factors  governing  the 
capacity  of  a  crusher  and  also  indicate  to  what  extent  these  variable  fac- 
tors influence  the  capacity  of  a  crusher.  The  most  important  of  these 
are  the  character,  density,  and  size  of  ore  fed  to  the  machine;  angle  of 
jaw  to  back  liner  plate;  size  of  opening;  amplitude  of  jaw  movement; 
and  speed  of  crusher,  in  relation  to  the  capacity.  These  factors  are 
clearly  shown  and  should  stimulate  work  in  the  field  to  confirm  such 
phases  of  the  experiments  as  can  be  made  of  practical  application  to 
crushers  now  in  use. 

The  experiment  under  Table  3,  showing  a  progressive  increase  in  out- 
put by  a  decrease  in  the  size  of  rock  in  the  feed,  is  interesting.  In  these 
experiments  the  value  of  k  is  increased  to  a  point  far  above  the  theoretical. 
In  this  connection  it  would  be  of  interest  to  set  the  crusher  opening  at 
what  was  the  mean  of  the  0.45  and  0.24-in.,  namely,  0.345-in.  opening, 
supplying  the  crusher  with  a  feed  that  would  pass  that  opening  freely 
when  the  crusher  is  at  rest  and  note  the  amount  that  could  be 
put  through  under  those  conditions. 

In  the  sixth  test  in  Table  5,  there  seems  to  be  an  undue  increase  in 
the  tonnage  passed  through  the  crusher  as  a  result  of  the  increase  in  speed. 
It  would  have  been  interesting  to  have  increased  beyond  the  theoretical 
point  in  order  to  have  established  in  actual  practice  where  the  turning 
point  is  when  the  output  from  the  crusher  would  decrease.  The  greatest 
diflftculty  encountered,  in  practice,  in  coarse  crushing  is  clayey  or 
spongy  rock. 

DISCUSSION 

Ernest  A.  Hersam  (author's  reply  to  discussion). — The  effect  of 
feeding  material  of  a  size  below  that  of  the  discharge  opening,  as  in  the 
case  of  the  last  item  of  Table  3,  is  a  condition  of  a  flow  of  sands  or  crushed 
material  through  orifices,  rather  than  of  crushing.  The  results  observed 
as  this  condition  was  increased  to  a  varied  extent  ranged  from  a  slight 
increase  above  the  calculated  value  to  a  high  limit  determined  solely 
by  the  size  of  the  aperture  or  discharge  space  below.  The  subject  of  the 
flow  of  sands  through  orifices  has  been  discussed  previously .^  Higher 
speed,  which  in  the  case  of  Table  5  would  have  been  desirable,  was  inad- 
visable because  of  the  severe  vibration  and  mechanical  difficulty  with  a 
crusher  of  the  type  available  running  at  this  excessive  speed.     At  the 

2  The  Flow  of  Sands  Through  Orifices,  Jnl.  of  the  Franklin  Institute  (April, 
1914)  177,  No.  4,  419-444. 
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limit  of  increase  in  capacity,  toward  which  the  sequence  of  observations 
leads,  it  is  to  be  expected  that  the  residual  influences,  depending  on  the 
kinds  of  rock  such  as  those  to  which  Mr.  Hanson  refers,  would  give  irreg-u- 
lar  results  concealing  the  actual  point  of  Umitation  except  by  taking  the 
average  of  many  results. 


SURFACE   TENSION   AND   ADSORPTION    PHENOMENA    IN    FLOTATION      479 


Surface  Tension  and   Adsorption   Phenomena   in   Flotation 

By  Abthur  F.  Taggakt*  and  A.  M.  Gaudin,  New  Haven,  Conn. 

(San  Francisco  Meeting,  September,  1922) 

Flotation  of  ores  is  a  practical  utilization  of  the  energy  that  resides 
in  the  surfaces  of  solids  and  liquids.  The  best  known  manifestation  of 
this  energy  is  called  surface  tension;  an  equally  important,  though  less 
apparent,  phenomenon  is  adsorption.  This  paper  reviews  some  of  the 
recent  investigations  of  these  phenomena,  and  gives  the  results  of  certain 
experiments  performed  by  the  authors. 

Surface  tension  is  a  manifestation  of  energy  having  its  seat  at  the 
bounding  surface  between  the  adjacent  phases  of  a  multiphase  system. 
Thus,  at  the  interface  between  a  liquid  and  a  gas,  or  between  two  immis- 
cible liquids,  or  between  a  solid  and  a  gas  or  a  liquid,  there  are  forces 
capable  of  doing  work,  their  magnitude  depending  on  the  nature  of  the 
adjacent  phases  and  the  extent  of  the  bounding  area.  These  surface 
forces  are  inappreciable  when  the  ratio  of  surface  to  volume  of  the  adjacent 
phases  is  small,  but  they  become  powerful  when  this  ratio  becomes  large, 
as  it  does  when  one  of  the  phases  is  highly  dispersed.  Froth  flotation, 
which  consists  in  buoying  soHds  heavier  than  water  to  the  surface  of 
water  by  means  of  gas  bubbles,  utilizes  the  force  of  surface  tension  to 
attach  the  solid  particles  to  the  gas  bubbles  and  again  to  maintain  the 
floating  mass  of  bubbles  as  a  more  or  less  persistent  froth  at  the  surface 
of  a  pulp  for  a  sufficiently  long  time  to  allow  its  removal. 

It  follows  from  the  second  law  of  thermodynamics  that  the  potential 
energy  of  a  system  in  equilibrium  is  a  minimum.  Therefore  a  multiphase 
system,  tending  toward  equilibrium,  will  arrange  itself  in  such  a  way  that 
the  total  energy  of  the  interfaces  will  be  the  least  possible.  This  end 
can  be  accomplished  in  two  ways:  by  a  change  in  shape  that  will  reduce 
the  interfacial  area;  by  a  change  in  the  nature  of  the  surface  layer  in 
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such  a  way  that  the  energy  per  unit  of  area  is  diminished.  The  tendency 
of  freely  flowing  liquid  drops  to  take  a  spherical  shape  is  an  illustration 
of  the  first  method  of  reducing  surface  energy  to  a  minimum;  the  coales- 
cence of  drops  in  an  emulsion  is  another  illustration  of  the  same  tendency. 
The  second  method  of  decreasing  the  potential  energy  of  a  system 
manifests  itself  as  adsorption. 

Adsorption  is  a  process  of  rearrangement  of  a  system,  which  results  in 
establishing  a  difference  in  concentration,  as  between  the  interfacial 
layers  and  the  bulk  of  the  phases,  of  a  substance  or  substances  initially 
uniformly  dispersed  in  one  or  several  of  the  phases.  Rearrangement 
occurs  in  such  a  way  that  the  energy  of  the  interface  is  reduced  by  concen- 
tration of  the  dispersed  substance.  The  diminished  energy  is  shown  by  a 
decrease  in  surface  tension. 

For  adsorption  to  occur  in  a  two-phase  system,  it  is  necessary  that 
one  of  the  phases,  at  least,  be  of  such  nature  that  segregation  can  take 
place  in  it.  In  a  two-phase  system  composed  of  pure  substances,  as,  for 
instance,  water  and  water  vapor,  no  adsorption  can  occur;  in  a  system 
composed  of  air  and  a  solution  of  salt  in  water,  adsorption  can  and  will 
take  place. 

In  a  system  composed  of  air  and  a  solution  of  a  given  solute  in  water, 
the  surface  layer  of  the  solution  will  have  a  different  composition  from 
that  of  the  bulk  of  the  liquid.  If  the  solute  increases  the  surface  tension 
of  water,  as  common  salt  does,  the  surface  layer  will  have  a  solute  con- 
centration less  than  the  bulk  of  the  liquid ;  if  the  solute  tends  to  decrease 
the  surface  tension  of  water,  as  acetic  acid  does,  the  surface  layer  will 
have  a  solute  concentration  greater  than  the  bulk  of  the  liquid. 
These  two  kinds  of  adsorption  are  known,  respectively,  as  negative  and 
positive  adsorption. 

The  tendency  of  the  solute  to  go  to  or  away  from  the  surface  is  opposed 
by  the  tendency  it  has  to  go  into  solution,  that  is,  to  equalize  the  concen- 
tration at  all  points.  When  equilibrium  is  reached,  the  excess  of  con- 
centration in  the  surface  layer  over  that  in  the  bulk  is  given  approximately 
by  Gibbs's  equation: 

where  U  =  excess  concentration  in  surface,  in  gram-molecules  per  square 
centimeter ; 
R  =  gas  constant,  in  ergs  per  degree  centigrade  =  8.32  X  10^; 
6  =  absolute  temperature,  in  degrees  centigrade; 
c  =  concentration,   in  any  convenient  unit,   as  percentage  or 

gram-molecules  per  liter; 
T  =  surface  tension,  in  dynes  per  centimeter. 
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In  case  the  solute  is  ionized,  the  dissociation  constant  i  appears  in 
the  formula 

^  iRd  ^  dc  ^^^ 

By  rewriting  these  equations  thus 

K  being  a  constant  for  a  given  system,  it  may  be  seen  that  degree  of 
adsorption  and  change  in  surface  tension  are  directly  related. 

An  important  quahtative  conclusion  that  can  be  drawn  from  an 
examination  of  the  above  formulas  is  that  a  small  quantity  of  dissolved 
substance  may  reduce  the  surface  tension  considerably  but  may  increase 
it  only  slightly.     This  agrees  with  all  available  experimental  data. 

Colloidal  Solutions  and  Emulsions. — Gibbs's  equation  applies  only  to 
dilute  solutions.  It  assumes  molecules  to  be  in  a  state  of  constant 
kinetic  agitation.  If,  instead  of  molecules,  there  are  aggregates  of 
molecules  in  solution,  that  is,  association  or  colloidal  solution,  the  move- 
ment of  these  aggregates  will  be  much  less  violent.  If  the  aggregates  are 
large  enough,  they  can  be  seen,  with  an  ultra-microscope,  to  have  an 
irregular  motion  known  as  Brownian  movement.  Still  larger  aggregates, 
such  as  the  globules  in  an  emulsion,  do  not  exhibit  the  Brownian  move- 
ment. To  none  of  these  aggregated  dispersions  can  Gibbs's  equation  be 
expected  to  apply.  But,  although  the  equation  is  not  available  to 
measure  the  degree  of  adsorption,  its  assumption  points  to  the  probabihty 
that  the  more  sluggish  groups  of  molecules  will  adsorb,  although  to  a  less 
degree  than  individual  molecules  and  ions.  Experiment  shows  that  this 
is  so.  From  the  same  reasoning,  no  adsorption  is  to  be  expected  when 
no  solution  is  present,  that  is,  when  the  disperse  phase  is  a  suspensoid 
or  emulsoid,  mechanically  dispersed  in  a  pure  liquid  second  phase. 
Experiment  confirms  this  conclusion  to  the  extent  of  showing  that 
such  dispersions  have  no  effect  on  the  surface  tension  of  the  dis- 
persing phase. 

Emulsions  are  suspensions  of  droplets  of  one  liquid  in  a  second  liquid 
with  which  the  first  is  immiscible  but  in  which  it  is  not  necessarily 
insoluble.  The  droplets  are  larger  than  colloidal  size,  by  definition,  and 
are  therefore  proportionately  more  subject  to  gravitational  action  and 
less  to  molecular  action.  A  two-phase  emulsion  is  in  a  state  of  unstable 
equihbrium  because  of  the  tendency  toward  coalescence  of  the  droplets 
of  the  dispersed  phase  when  these  are  crowded  together  by  the  action  of 
gravity.  The  tendency  to  coalesce  exists  by  reason  of  the  general 
tendency  to  lower  the  total  potential  energy  of  the  system  by  a  change  of 
shape  that  will  decrease  the  total  interfacial  area.  To  be  stable,  emul- 
sions require  the  presence  of  a  third  substance,  which  may  be  miscible  or 
non-miscible  with  either  or  both  phases  but  which,  by  passing  into  the  in- 
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terf  ace  between  the  phases,  will  lower  the  total  potential  energy  of  the 
system.  In  case  the  contaminating  substance  forms  a  viscous  film  at  the 
interface,  coalescence  is  prevented  mechanically.  If  the  phenomenon 
involved  in  the  passage  of  the  contaminant  into  the  interface  is  one  of 
adsorption  from  solution  and  is  not  accompanied  by  the  formation  of  a 
viscous  film  or  skin,  it  is  probable  that  coalescence  is  prevented  by  reason 
of  the  fact  that  the  variable  surface  tension  induced  in  the  interface 
between  the  phases  allows  considerable  deformation  of  the  interfacial 
film  without  coalescence.  The  breaking  down  of  emulsions  just  des- 
cribed should  not  be  mistaken  for  adsorption  of  the  dispersed  phase  at 
the  surface,  and  while  it  may  affect  a  surface-tension  measurement  taken 
after  its  occurrence,  because  a  layer  of  the  dispersed  phase  has  replaced 
the  dispersing  phase,  it  should  not  be  considered  as  a  proof  of  adsorption 
in  emulsions. 

Degrees  of  Dispersion  of  Flotation  Oils. — In  flotation,  the  performances 
of  both  solutions  and  emulsions  are  important.  Most  of  the  frothing 
agents  used  in  flotation  are  oils  and  a  majority  of  these  are  complex 
mixtures,  the  individual  constituents  of  which  vary  widely  in  solubiUty. 
Consequently,  in  any  mixture  of  a  flotation  oil  with  water  under  the 
conditions  of  agitation  usually  employed  to  distribute  the  oil  through  the 
pulp,  the  state  of  dispersion  is  likely  to  vary  from  that  of  emulsion,  as 
above  defined,  to  one  that  is  molecular  at  least.  For  practical  purposes  of 
flotation  terminology,  it  is  probably  suflScient  to  consider  as  a  solution 
any  mixture  that  is  water-clear  to  the  naked  eye,  and  not  to  investigate 
this  mixture  further  by  means  of  the  ultra-microscope  in  order  to  deter- 
mine whether  the  state  of  dispersion  of  the  oil  therein  is  colloidal;  or  b}' 
such  tests  as  osmotic  pressure,  conductivity,  variation  in  freezing  point, 
etc.,  to  determine  whether  the  state  is  molecular  or  ionic. 

Surface  Tension  of  Solids. — Solids  possess  surface  energy,  but  because 
they  lack  mobility  this  energy  cannot  be  quantified  by  a  determination 
of  surface  tension.  In  the  absence  of  any  measurement,  the  argument 
for  supposing  the  existence  of  surface  tension  in  solids  is  based  on  experi- 
ence in  physical  continuity,  thus :  The  surface  tension  of  liquids  increases 
from  zero  at  the  critical  point  to  a  maximum  at  the  freezing  point;  it  is 
reasonable,  therefore,  to  infer  that  surface  tension  continues  to  exist  in 
the  solid  state  and  is  likely  to  increase  in  the  change  of  state  from  liquid 
to  solid. 

Adsorption  at  Solid  Surfaces. — Solids,  possessing  surface  energy, 
should  adsorb  solutes  that  decrease  the  interfacial  tension  between 
themselves  and  the  neighboring  phase;  particularly  they  must  adsorb 
molecules  and  ions  from  solution.  This  phenomenon,  however,  should 
not  be  confused  with  the  tendency  of  certain  soHds  to  pass  from  one 
liquid  phase  to  another,  as  from  the  dispersing  to  the  dispersed  phase  of 
an  emulsion. 
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In  a  system  composed  of  finely  dispersed  solid  matter  in  a  water 
solution  of  a  flotation  oil,  adsorption  will  occur  and  equilibrium  will  be 
reached  by  a  chain  somewhat  as  follows: 


^i>^A 


Oil  in 


>-  SolvHon  -f~ 


^^     .  Oilcjf  . 
~^  air-so/u'f'ion 


Oil  i-i 


mierface    < almosphsre 


Two  of  the  equilibrium  arrows  are  shown  dotted  because  of 
doubt  as  to  the  reversibility  of  the  movement  expressed  by  the  adjacent 
full-weight  arrows. 

Apparatus  and  Procedure 

Adsorption  Measurements. — The  principle  underlying  adsorption 
measurements  on  flotation  oils  is  simple.  The  surface  tension  of  a  given 
mixture  of  the  oil  with  water  is  measured,  adsorbent  is  added,  the  mixture 
is  agitated  for  a  given  period,  and  the  surface  tension  is  again  measured. 
If  the  second  observation  denotes  a  surface  tension  nearer  to  that  of 
water,  a  part  of  the  oil  has  been  taken  from  the  water,  either  by  evapo- 
ration or  by  adsorption.  The  amount  of  evaporation  is  determined  by 
running  a  blank.     The  amount  adsorbed  can  be  determined  by  the  use 


Concentration  of  5olu+e 
Fig.  1. — Typical  surface  tension-concentration  curve  for  organic  solutes. 

of  a  concentration-surface  tension  diagram.  Let  AS,  Fig.  1,  be  such  a 
curve  for  a  given  oil-water  mixture.  If  Mm  represents  the  surface 
tension  of  a  solution  of  concentration  Om,  and  pP  is  the  surface  tension 
after  adsorption  has  taken  place,  Op  must  be  the  concentration  of  the 
solution  after  adsorption  and  pm  is  a  measure  of  the  amount  of  solute 
adsorbed.  This  method  requires  a  determination  of  the  concentration- 
surface  tension  diagram  for  any  oil-water  mixture  before  adsorption  tests 
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are  conducted.  However,  if  the  solutions  tested  are  dilute  enough  for 
a  straight-line  relation  between  surface  tension  and  concentration,  the 
problem  is  simplified.  Another  reason  favoring  the  selection  of  a  dilute 
solution  is  that  in  such  a  solution  the  ratio  of  the  change  in  surface 
tension  to  change  in  concentration  is  maximum.  Practically  the  best 
conditions  are  attained  when  the  surface  tension  of  the  solution  is  from 
5  to  10  dynes  per  cm.  below  that  of  water,  say,  about  65  dynes  per  cm. 
Apparatus  for  Surface-tension  Tests. — The  apparatus  used  for  surface- 
tension  tests  in  the  following  work  is  a  modification  of  an  apparatus 
described  by  A.  W.  Fahrenwald^  for  Wilhelmy's  method.     Essentially, 


■*^ 

Fig.  2. — Surface-tension  apparatus. 

the  apparatus  (Figs.  2  and  3)  is  a  balance  for  weighing  the  pull  exerted  by 
the  surface  under  investigation.  A  grooved  aluminum  pulley  A  mounted 
on  a  steel  shaft  B  is  supported  by  centered  knife  edges  on  curved,  round, 
glass  bearings  C.  The  bearings  are  carried  on  members  D  at  the  top  of 
a  rigid  wooden  frame  E.  A  silk  thread  F  passing  over  the  pulley  supports 
at  one  end  a  knife  edge  G  and  at  the  other  a  counterweight  H.  Metal  hooks 
J  of  No.  20  (B.  &  S.  gage)  brass  wire  carry  corks  K,  which  act  as  weight 
pans.  A  needle  L  and  a  counterweight  M  are  mounted  on  the  pulley  .4  ; 
the  needle  swings  in  front  of  a  dial  N.  The  liquid  of  which  the  surface 
tension  is  to  be  measured  is  placed  in  a  flat  crystallizing  dish  resting  on 
four  rubber  cushions  glued  to  an  asbestos  sheet  supported  on  a  ring;  the 
ring  can  be  raised  or  lowered  by  a  low-pitch  screw. 

The  principle  of  the  apparatus  is  as  follows:  A  double  film  of  the 

1  Min.  and  Sci.  Press  (Aug.  13,  19211  123,  227. 
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liquid  of  which  the  surface  tension  is  desired  is  drawn  along  the  metal 
knife  edge  G,  between  the  prongs  0.  The  film  exerts  a  pull  on  the  knife 
edge  and  causes  the  pulley  A  to  turn.  This  raises  the  center  of  gravity 
of  the  needle  L  and  increases  its  lever  arm  until  the  pull  on  the  knife  edge 
is  balanced.  When  the  film  is  first  drawn,  a  high,  variable  pull  is  noted; 
the  needle  then  returns  to  a  fixed  point  and  remains  there  until  the  film 
breaks.     The  variable  maximum  pull  appears  to  be  caused  by  liquid  that 


Fig.  3. — Diagrammatic  view  of  surface-tension  apparatus. 

quickly  drains  from  between  the  surfaces  of  the  film;  it  depends  on  the 
thickness  of  the  knife  edge  and  on  the  extent  to  which  it  is  wet. 

The  Fahrenwald  apparatus,  as  described  in  the  article  referred  to, 
is  subject  to  the  following  difficulties  of  operation:  (1)  To  produce  the 
deflection  of  the  needle  corresponding  to  the  pull  of  a  film  of  high-surface 
tension  requires  considerable  vertical  movement  of  the  crystallizing  dish 
and  this  entails  too  much  jarring  of  the  apparatus  when  the  film  is 
being  drawn  out.  The  smaller  wheel  in  the  apparatus  here  illustrated 
gives  the  same  deflection  for  a  much  smaller  movement  of  the  dish  and 
consequently  gives  steadier  readings.     (2)  The  large  cork  pulley  without 
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counterweight  lacked  sensitivity.  This  is  obtained  by  the  small  counter- 
weighted  pulley  of  the  present  apparatus.  (3)  A  groove  in  a  cork  pulley, 
no  matter  how  carefully  cut  or  finished,  contains  projecting  pieces  of 
cork  that  catch  the  thread  and  cause  inaccurate  weighings ;  the  aluminum 
pulley  of  the  present  apparatus  ehminates  this  difficulty.  The  present 
apparatus  has  curved  glass  bearings  that  give  a  low  f rictional  resistance 
to  turning  of  the  knife  edges.  It  carries  corks  for  weight  pans  on  both 
sides  of  the  pulley ;  this  is  a  convenience  in  weighing  the  film.  A  crystal- 
lizing dish  is  used  instead  of  a  watch  glass  for  holding  the  liquid,  thus 
insuring  an  even  depth  of  liquid  at  all  points.  The  best  size  of  dish  for 
a  knife  edge  6  cm.  long  is  10  to  12  cm.  diameter.  With  a  dish  of  this 
size,  there  is  no  tendency  for  the  knife  edge  to  hug  the  walls  and  the 
volume  of  Hquid  necessary  for  a  test  is  small.  More  accurate  results 
can  be  obtained  by  weighing  the  pull  of  the  film  each  time  than  by  reading 
directly  from  a  graduated  dial;  this  is  done  by  marking  the  stopping 
point  of  the  needle  on  the  dial  N  and,  after  drying  the  knife  edge,  bringing 
it  back  to  this  point  by  proper  weights. 

Manipulation. — The  liquid  to  be  tested  is  placed  in  the  crystallizing 
dish  and  the  screw  is  turned  to  raise  the  dish  until  the  knife  edge  is 
submerged.  The  dish  is  then  lowered  to  draw  out  a  film.  The  sensi- 
tivity of  the  apparatus  is  such  that  the  arc  through  which  the  needle 
turns  for  a  film  tension  of  about  40  dynes  per  cm.  is  90°.  It  is  desirable 
that  the  arc  described  by  the  needle  be  substantially  the  same  in  magni- 
tude and  position  for  all  measurements  in  order  to  eUminate  the  effect  of 
any  inequalities  in  the  bearings.  In  order  to  insure  this,  weights  are 
added  to  the  knife-edge  side  of  the  balance  when  the  surface  tension  is 
below  30  dynes,  and  to  the  other  side  when  the  surface  tension  exceeds 
30  dynes.  When  the  film  is  drawn  out  and  the  needle  ceases  to  oscillate, 
its  stopping  point  is  marked  on  the  dial,  and  the  film  is  broken  by  further 
lowering  the  crystalhzing  dish.  The  knife  edge  is  next  cleaned  and 
dried  by  treatment  with  acetone  and  ether.  Weights  are  then  placed 
on  the  film  side  of  the  balance,  until  the  needle  returns  to  the  marked 
point.  The  pull  weighed  is  that  of  the  double  film,  including  that  on 
the  prongs.     The  temperature  of  the  liquid  is  recorded. 

To  obtain  the  surface  tension  of  the  liquid  at  20°  the  following  com- 
putation is  made:  (1)  The  observed  pull  is  corrected  for  the  prong  pull. 
In  the  case  of  the  apparatus  illustrated  this  was  determined  to  average 
5.5  per  cent,  of  the  total  pull  of  the  knife  edge  including  the  prong  pull. 
(2)  This  corrected  pull  is  divided  by  12  (2  X  6  cm.  or  length  of  the  film 
drawn),  and  by  (1000  h-  981)  to  convert  the  force  from  milUgrams  to 
dynes.  The  dividing  factor  thus  obtained,  12.24,  gives  the  actual  surface 
tension  in  dynes  per  cm.  at  the  observed  temperature.  (3)  A  tempera- 
ture correction,  amounting  to  about  0.2  per  cent,  per  degree  centigrade 
in  the  case  of  systems  composed  mainly  of  water,  is  applied  to  give  the 
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surface  tension  at  20**  C.     This  correction  is  additive  when  the  actual, 
temperature  is  above  20°  C.  and  subtractive  when  it  is  below. 

Cleaning  the  Apparatus. — Early  work  showed  that  the  surface  tension 
of  every  preparation  dwindled  appreciably,  often  several  dynes,  with 
lapse  of  time;  this  was  particularly  true  of  emulsions.  This  dwindling 
was  eliminated  by  cleaning  the  knife  edge,  after  every  dip  in  any  solution 


1^      y     '''Shi  Cover.,  removed 
4-""*^  fo  allow  lowennjand 
removal  of  Jar 

Fig.  4. — Square  glass  jar  stirring  apparatus. 


or  emulsion,  by  immersing  it  first  in  acetone  and  then  in  ether.  The 
acetone  removes  any  adhering  liquid  and  the  ether  removes  the  acetone 
and  effects  perfect  drying  in  a  short  time.  Another  method  of  cleaning 
would  consist  in  burning  the  knife  edge  after  each  immersion.  This 
would  practically  require  a  platinum  edge  and  would  appear  to  have  no 
advantage  over  the  method  selected. 

Preparation  of  Solutions  and  Emulsions. — The  substances  used  in  all 
the  tests  were  flotation  agents.     Some,  such  as  phenol  and  cresol,  were 
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completely  soluble  in  water;  others  were  only  partly  soluble;  one,  Nujol, 
was  insoluble. 

Emulsions  were  prepared  as  follows:  In  a  clean,  square,  glass  jar, 
4  in.  on  an  edge  and  12  in.  high,  was  put  2000  cc.  of  clean  tap  water. 
This  was  slowly  stirred  by  an  impeller  while  the  required  amount  of 
reagent  was  added.  The  impeller  speed  was  next  raised  to  1700  to 
2000  r.p.m.   and  after  sufficient  agitation  at  that  speed  the  jar  was 


-^Concentration^ Per  Cent  Acetic  Acid 
Fig.  5. — Surface  tension-concentration  curve  for  dilute  acetic- acid  solution. 


removed  and  the  liquid  was  sampled  by  a  siphon  into  Erlenmeyer  flasks. 
From  two  to  four  samples  were  taken  each  time.  The  stirring  apparatus 
is  shown  in  Fig.  4. 

To  obtain  a  solution,  the  procedure  was  the  same,  except  that  during 
the  last  minute  of  agitation  from  5  to  10  gm.  of  infusorial  earth  were  added 
to  the  emulsion,  and  the  contents  of  the  jar  were  subsequently  filtered 
through  a  5-gm.  bed  of  infusorial  earth  under  a  25-in.  vacuum.  The 
filtrate  was  refiltered,  if  necessary  to  clear.  Sampling  was  done  by 
siphoning,  as  in  the  case  of  enmlsions.  The  samples  were  kept  in  corked 
Erlenmeyer  flasks,  and  observations  were  made  as  soon  as  possible 
after  preparation. 

Surface  tension-conceiilration  curves  were  determined  by  varying  the 
concentration  by  dilution  with  water  and  measuring  surface  tension,  cor- 
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recting  to  a  standard  temperature,  usually  20"  C;  concentrations  were 
then  plotted  as  abscissas  and  surface  tensions  as  ordinates,  using  a  simple 
scale  for  short  ranges  of  concentration,  and  a  logarithmic  scale  for  long 
ranges.  Results  for  acetic  acid  are  plotted  on  Figs.  5  and  6;  cresol. 
Figs.  7  and  8;  phenol.  Figs.  9  and  10;  the  soluble  parts  of  steam-distilled 


■  Concentration, Per  Cent  Acetic  Acfd 


Fig.  6. — Surface  tension-concentration  curve  for  concentrated  acetic-acid 

solutions. 


pine  oil  (General  Naval  Stores  No.  5)  Fig.  11;  and  of  Barrett  No.  4  coal- 
tar  creosote,  Fig.  12. 

Figs.  7  to  10,  inclusive,  indicate  that,  in  the  case  of  homologs,  the 
effect  of  solutes  on  the  surface  tension  of  a  solution  increases  as  solubility 
decreases.  This  conclusion  is  confirmed  by  data  from  Szyskowski's 
paper^  summarized  in  Fig.  13.     Figs.  7  to  10  and  Szyskowski's  data  also 

2Bohdan  von  Szyskowski,  Zeit.  Physik.  Chem.  (1908)  64,  385-414. 
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show  that  in  the  case  of  very  dilute  solutions  the  concentration  of  the 
solute  and  the  surface  tension  are  related  by  a  straight-line  law,  in  the 
case  of  concentrated  solutions  by  a  logarithmic  law,  while  with  inter- 
mediate concentrations  the  relation  between  the  two  is  variable. 
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Fig.  7. — Surface  tension-concentration  ctjr^^  for  dilute  cresol  solutions 
Black  circles,  points  of  test  2f;  light  circles,  points  of  test  11  f. 


Frothing  Phenomena 

Pure  water  does  not  froth  appreciably;  neither  do  other  pure  liquids, 
unless  they  are  highly  viscous,  in  which  case  some  large  bubbles  may 
linger  for  a  while.  On  the  other  hand,  practically  all  solutions  froth,  if 
the  solute  changes  the  surface  tension  of  the  solvent  in  any  way.  Water 
solutions  of  most  flotation  agents  froth  considerably;  shaking  in  a 
corked  flask  for  2  or  3  sec.  will  produce  a  froth  }i  to  3^  in.  deep,  which 
will  persist  for  several  seconds.  Insoluble  oils  agitated  with  water,  but 
with  no  dissolved  substance  present,  do  not  froth.  If  a  small  amount 
of  powdered  solid,  such  as  ore,  is  added  to  a  frothing  solution,  the 
froth  may  last  for  several  hours,  because  of  increase  in  viscosity  of  the 
bubble  films;  in  fact,  the  latter  may  closely  approach  the  character  of  a 
plastic  solid. 
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Concentration,  Per  Cent-  Phenol 

Fig.  9. — Surface  tension-concentration  curve  for  dilute  phenol  solutions. 
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Thus,  two  factors  are  essential  to  the  production  of  a  stable  froth: 
the  presence  of  a  dissolved  substance  and  an  increase  in  viscosity  of  the 
surface  film. 


fe2.5       IZ5  250    _  3TS  _         500 

Concentration, Whole  Oil, parts  per  million 
22.5       AS  90  135  180 

Concentration, Soluble  Portion^ parts  per  million 

Fig.  12. — Surface    tension-concentration    curve    for    soluble   portion   op 
Barrett  no.  4  coal-tar  creosote. 

The  efficacy  of  dissolved  substances  in  stabilizing  froths  does  not 
lie  in  lowering  the  surface  tension  of  the  solution,  but  in  imparting  to  the 
surface  tension  the  properties  of  variability  and  adjustment  to  imposed 
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Fig.  13. — Relation  between  relative  solubility  and  effect  on  surface  tension 
of  water  solutions  of  three  members  op  a  fatty-acid  series. 

strains.  The  soluble  substance  changes  the  surface  tension  considerably 
more  than  it  would  if  no  adsorption  took  place.  Agitation  results  in 
bringing  to  the  surface  portions  of  the  liquid  that  were  in  the  bulk,  thus 
forming  new  surfaces  with  higher  tension  than  that  of  the  old  gas-liquid 
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surfaces  and  having,  therefore,  a  tendency  to  diminish  toward  an  equilib- 
rium value  which  is  that  of  the  static  surface  tension.  If  a  film,  after 
reaching  the  static  surface  tension,  is  stretched,  it  thins  down  and 
liquid  from  the  inner  part  reaches  the  surface.  This  liquid,  because  of 
its  lesser  concentration  in  solute,  will  have  a  higher  surface  tension  than 
that  of  the  old  film  and  hence  will  counteract  the  force  that  tends  to 
break  the  film.  Thus  the  presence  of  a  soluble  substance  in  solution 
causes  bubble  films  to  have  an  adjustable  surface  tension,  and,  between 
the  limits  of  the  surface  tension  of  the  adsorbed  film  and  that  of  the  bulk 
of  the  liquid,  to  act  as  a  film  of  rubber.  Maximum  range  of  adjustability 
will  correspond  to  maximum  frothing  power.     Fig.   14  represents  an 


1007oA  Concentration  l007oB 

Fig.  14. — Relation  between  frothing  power  and  concentration  of  solute. 


ideal  case.  CSS^D  is  a  hypothetical  concentration-surface  tension  curve 
for  the  bulk  of  the  Hquid,  which  cannot,  of  course,  be  experimentally 
confirmed.  It  assumes  a  straight-line  relation,  as  any  other  assumption 
would  be  an  unjustifiable  refinement.  CTT'D  is  the  corresponding 
curve  for  the  surface  film;  this  is  generalized  from  experiment.  The 
distance  <S'T' between  the  two  curves  is  a  measure  of  the  frothing  power, 
of  the  mixture  containing  a  per  cent,  of  the  solvent  .4,  and  100-a  per  cent, 
of  the  solute  B.  Point  T,  at  which  the  tangent  to  the  curve  CTT'D  is 
parallel  to  CSS'D,  corresponds  to  the  greatest  frothing  power. 

Frothing  Experiment. — ^No  accurate  quantitative  measure  of  frothing 
was  devised,  but  an  approximate  measure,  based  on  thickness  and  persist- 
ence of  the  froth  layer,  was  used.  Results  for  water  solutions  of  cresol 
and  phenol  are  shown  in  Figs.  15  and  16.  These  indicate  that  frothing 
is  greatest  for  solutions  having  a  concentration  about  one-half  the  satura- 
tion concentration,  decreasing  to  zero  for  pure  water  and  to  a  compara- 
tively small  figure  for  saturated  solutions.     The  distance  between  the 
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hypothetical  bulk  surface-tension  curve  and  the  actual  surface-tension 
curves  for  these  liquids  is  a  maximum  in  the  neighborhood  of  this  same 
concentration,  confirming  the  ideal  of  Fig.  14.  Similar  results  were 
obtained  with  water  solutions  of  Barrett  No.  4  creosote. 

These  tests  show  that  saturation  marks  a  critical  point  in  the  frothing 
of  solutions  and  that  beyond  the  saturation  point  the  mixture  behaves 


Q 


Diir^fion  ~~ ■- 


.-§i1007oWa+Br  ->Cresol  Concentration  100%0-esol 

Fig.  15. — Frothing  of  water-cresol  MixTtrRES. 

much  like  a  pure  Uquid  or  a  mixture  of  two  liquids  mutually  insoluble. 
This  is  explained  on  the  supposition  that  the  range  in  surface  tension 
between  the  gas  surface  and  the  hypothetical  bulk  surface,  or,  more 
properly,  between  the  static  and  djmamic  surface  tensions,  is  so  small, 
in  the  case  of  saturated  solutions,  that  too  little  variability  in  surface 
tension  of  bubble  films  is  available  for  adjustment  to  strains  induced  in 
the  bubble-making  operation. 


100% Water  ->  Phenol  Concentrati  on 

Fig.  16. — Frothing  of  water-phenol  mixtures. 


lOottenol 


Milner's  explanation^  of  the  non-frothing  of  concentrated  acetic-acid 
solutions  is  based  on  the  time  during  which  variable  surface  tension 
exists,  rather  than  on  the  range  between  static  and  dynamic  tensions. 
He  claims  that  the  new  film  formed  at  the  surface  acquires  very  rapidly 
a  surface  tension  equal  to  that  of  the  old  surface  film  and  that,  therefore, 
time  is  not  available  for  the  new,  higher-tensioned  film  to  oppose  the 
added  strain  on  the  film;  hence  it  stretches  until  it  breaks. 

Solution  Phenomena 

Surface  Tension. — If  there  are  in  solution  simultaneously  the  solutes 
A  and  B  (but  no  immiscible  substance)  which  independently  depress  the 
surface  tension  of  water  by  Ta  and  Tb  dynes  per  cm.  respectively,  the 

»  Milner,  Phil.  Mag.  (1907)  13,  96. 
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most  probable  relation  between  their  combined  depression  and  that  due 
to  each  acting  individually  is  that  the  depression  due  to  (A  +  B)  is 
{Ta  +  Tb).  To  confirm  this  hypothesis,  different  mixtures  composed  of 
solutions  of  cresol  (U.S. P.,  a  mixture  of  the  three  cresols)  and  c.p. 
phenol  were  used.  The  experimental  data  are  summarized  in  the 
ternary  diagram,  Fig.  17.  The  results  indicate  that  in  the  main  the 
depression  for  (A  +  B)  was  equal  to  {Ta  +  Tb),  but  that  for  certain 


WaterTETlTO      65  oO  55 

Concen+rai'ion,  Per  Cen+  Cresol  - 


50 


Fig.  17. — Phenol-cresol-wateu  ternary  diagram;  lines  of  equal  surface  ten- 
sion.   Numbers  refer  to  surface  tension  in  dynes  per  centimeter. 


mixtures  of  phenol  and  cresol  the  depression  was  greater  than  the  sum  of 
the  individual  depressions.  The  data  at  hand  are  insufficient  to  warrant 
an  explanation  of  the  apparently  consistent  deviations  of  the  lines  of 
equal  surface  tension  along  line  OA  from  the  straight  lines  that  would 
represent  adherence  to  the  additive  rule. 

A  similar  series  of  tests  with  fractions  obtained  by  distillation  from 
the  tar  acids  extracted  from  International  creosote  (a  coal-tar  product) 
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gave  the  results  shown  in  Table  1.     In  all  cases,  the  total  concentration 
of  solute  in  the  water  was  150  parts  per  million. 

Table    1. — Depression   of  Surface    Tension   by    Tar-acid  Fractions    of 
International  Creosote,  Acting  Alone  and  Acting  Together 


Fraction 

Distilling 

Temperature, 

Degrees  C. 

Surface 

Tension  of 

Solution, 

Dynes  per 

Cm. 

Depression 

in  Surface 

Tension 

Below  that  of 

Water,  Dynes 

per  Cm. 

Depression  to 
be  Expected 

from  Additive 

Rule,  Dynes 

per  Cm. 

c " 

205-214 
214-225 
225-260 

71.1 
71.4 
68.5 

1.7 
1.4 
4.3 
2.1 

4.8 

D 

E 

90%  D  +  10%  E 

j         70.7 
68.0 

1.69 

75%  D  +  25%  E 

2.12 

50%  D  +  50%  E 

33%  C  +  33%  D  +  33%  E.... 

68.0 
70.1 

4.8 

2.7 

2.85 
2.54 

The  experimental  results  are  not  closely  concordant  with  the 
theoretical,  but  show  the  same  general  trend. 

Szyskowski^  found  an  additive  rule  to  hold  with  mixtures  of  several 
fatty  acids,  but  not  in  co-presence  of  a  fatty  acid  and  its  salt.  In  the 
latter  instance,  the  depression  in  surface  tension  is  larger  than  the  sum  of 
the  depressions  caused  by  the  solutes  individually.  He  explains  this 
discrepancy  as  caused  by  a  decrease  in  the  ionization  of  the  acid  on 
addition  of  its  salt. 

Solutions  containing  mixtures  of  tar  acids  and  tar  bases  from  Inter- 
national creosote  show  discrepancies  in  the  reverse  direction.  The 
depressions  in  surface  tension  of  solutions  containing  respectively  0.0204 
per  cent,  of  tar  acids,  and  0.0102  per  cent,  of  tar  bases,  were  11.1  dynes 
and  8.9  dynes  per  cm.  A  solution  containing  0.0204  per  cent,  of  tar 
acids  with  0.0102  per  cent,  of  tar  bases  exhibited  a  drop  in  surface  tension 
of  only  9.5  dynes  per  cm.  as  against  20  (11.1  +  8.9)  dynes  per  cm.  expected 
from  the  additive  rule.  The  explanation  may  lie  in  the  fact  that  tar 
acids  and  tar  bases  form  compounds,^  and,  therefore,  do  not  act 
independently  to  affect  the  surface  tension. 

Adsorption  at  Air-liquid  Surface.— From  Gibbs's  equation,  knowing 
the  number  of  molecules^  per  gram-molecule  (iV  =  6.062  X  10^^), 
it  is  possible  to  calculate  the  number  of  molecules  present  in  the  surface 
film  per  square  centimeter.     Thus,  from  the  surface  tension-concentra- 


*  Loc.  cit. 

6W.   H.  Hatcher   and   F.  W.  Skirrow,  Jnl.  Am.  Chem.  Soc.  (Sept.,  1917)  39, 
1939-1978. 

6  R.  A.  Millikan,  Jnl.  Amer.  Chem.  Soc.  (Sept.,  1917)  39. 

VOL.  LXVIII. — 32 
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tion   curves  of  phenol  solution  (Figs.  9  and  10),  at  point  A  (Fig.  9) 

dT       -5.9  ^,^^        ,,  ^.      ,,,    ,,  0.437 

dc  ^  0.437'  "^  "  0.437;  and,  from  equation  (1),  U  =  -  8:32^007^293 


^  0.437    "  "^-^"^  ^ 


10-1".     Multiplying  UN  gives  14.66  X  lO^^,  as  the 


excess  in  number  of  molecules  per  square  centimeter  of  surface  film 
over  the  number  in  an  equal  area  in  the  bulk  of  the  solution.  Similarly, 
at  point  B  (Fig.  9);  U  =  4.80  X  lO-^^,  UN  =  29.1  X  lO^^.  At  point 
C  (Fig.  10);  U  =  5.91  X  lO-^^,  UN  =  35.8  X  lO^^  The  spacing  of  the 
excess  phenol  molecules  in  the  surface  film  is,  therefore,  at  A,  one  phenol 
molecule  per  68.2  X  10"^^  sq.  cm.;  at  B,  one  phenol  molecule  per  34.4  X 
10-^®  sq.  cm.;  at  C,  one  phenol  molecule  per  27.9  X  10"^^  sq.  cm. 
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Fig.  18. — Relation  between  concentration  of  solute  and  completeness  of 
adsorbed  film  of  phenol  and  cresol. 

A  gram-molecule  of  phenol  (CeHsOH)  weighs  94  gm.  and  occupies  a 
volume  of  88.7  c.c;  or  there  are  6.85  X  10^'  molecules  per  cubic  centi- 
meter. Assuming,  for  the  moment,  cubical  molecules  and  close  packing, 
the  volume  of  a  molecule  is  146  X  10'-^  c.c;  its  edge  would  be  5.27  X 
10~*  cm.;  and  it  would  occupy  an  area  of  27.8  X  lO^^*^  sq.  cm.  Assum- 
ing a  molecule  having  the  dimensions  a,  a,  and  2a,  standing  on  end,  the 
area  occupied  by  each  molecule  would  be  17.6  X  10~'^.  Other  assump- 
tions involving  increased  length  of  molecule  would,  of  course,  result  in 
further  decrease  in  the  area  per  molecule,  but  a  marked  increase  in 
length  would  be  required  to  change  the  order  of  magnitude  of  the  area 
from  that  arrived  at  on  the  assumption  of  the  cubical  molecule.  Accept- 
ing, therefore,  for  the  purpose  of  these  calculations,  the  cubical 
assumption,  the  area  per  molecule  is  substantially  tlie  same  as  that 
determined  above  as  the  spacing  of  the  excess  molecules  at  C. 
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The  foregoing  figures  lead  to  the  conclusion  that  the  point  C  corre- 
sponds to  a  complete  monomolecular  film  of  adsorbed  solute  at  the  surface. 
On  the  same  assumptions,  the  film  at  i5  is  81  per  cent,  complete,  and 
at  A,  41  per  cent,  complete. 

The  results  of  these  calculations  are  plotted  in  Fig.  18,  and  in  the 
same  figure  are  plotted  similar  results  obtained  with  cresol.  The  curves 
indicate  that  as  the  concentration  of  a  solute  in  the  bulk  of  a  solution 
increases,  its  concentration  in  the  adsorbed  film  increases,  at  first  rapidly 
in  proportion  to  the  increase  in  concentration  in  the  bulk,  then  more  and 
more  slowly,  until  the  adsorbed  film  is  a  complete  monomolecular  film  of 
solute.  It  also  indicates  that  the  rate  of  adsorption  increases,  at  least 
for  this  pair  of  homologs,  as  the  solubility  decreases.  This  relation  is 
further  indicated  by  the  fact  that  with  yet  higher  homologs  of  phenol 
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FiG.  19. — Relation  between  concentration  of  solute  and  completeness  of 

ADSORBED  FILM  IN  CERTAIN  FATTY  ACIDS. 

the  lowering  of  surface  tension  for  a  given  weight  is  greater  than 
for  cresol,  and,  in  the  case  of  minute  quantities,  the  frothing  effect  is 
also  greater. 

Fig.  19,  derived  from  data  published  by  SzyskowsbV  confirms  the 
conclusions  stated  in  the  preceding  paragraph  for  homologs  of  one  of  the 
groups  of  fatty  acids. 

Emulsion  Phenomena 

Surface  Tension. — Few,  if  any,  oils  are  completely  insoluble  in  water; 
the  least  soluble  are  the  higher  aliphatic  hydrocarbons.  Of  these, 
Nujol  is  the  most  convenient  to  use  because  it  is  remarkably  free  from 
soluble  impurities  and  does  not  evaporate  to  an  appreciable  extent. 

Several  measurements  of  the  surface  tension  of  an  emulsion  of  Nujol 
in  water,  125  parts  of  oil  per  million  (1.4  lb.  per  ton  of  water),  indicated 
that  Nujol  has  no  effect  on  the  surface  tension  of  water.  The  average 
surface  tension  of  the  emulsion  was  72.6  against  72.8  dynes  per  cm.  for 
water,  which  discrepancy  is  within  the  Hmits  of  accuracy  of  the  instru- 

^  hoc.  cii. 
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ment.  More  concentrated  emulsions  could  not  be  tested  because  they 
broke  down  readily,  giving  a  surface  layer,  not  a  film,  of  Nujol  and  a 
dilute  emulsion  at  the  bottom. 

The  effect  of  the  presence  of  Nujol  on  the  surface  tension  of  solutions 
was  next  investigated,  under  two  conditions:  Nujol  and  the  water 
solute  are  not  appreciably  soluble  in  each  other;  Nujol  and  the  water 
solute  are  miscible.  As  can  be  readily  appreciated,  this  classification  is 
not  rigorous.  Solutes  of  the  first  class  are  plentiful;  but  of  the  second, 
few  were  found;  and  of  these,  the  most  satisfactory  was  methyl  salicylate, 
(artificial  oil  of  wintergreen) , 

First  Type  of  Soluble-insoluble  Systems. — For  this  investigation, 
cresol  and  Nujol  were  used.     Results  are  presented  in  Table  2.     These 


Table  2. — Surface  Tension  of  Cresol-Nujol-Water  Mixtures 

Concentration 

Surface  Tension 

Differences 

_,  ^.      Nujol 
R*^^°=  Cresol 

Cresol, 

Parts  per 

Million 

Nujol, 
Parts  per 
Million 

Cresol  Alone, 

from  Fig.  7, 

Dynes  per  Cm. 

Cresol  +  Nujol, 

Observed, 
Dynes  per  Cm. 

in  Surface 

Tension,  Dynes 

per  Cm. 

Vzo 

2500.0 

1250.0 

625.0 

312.0 

156.0 

78.0 

125.0 

62.5 

31.2 

15.6 

7.8 

3.9 

58.9 
65.7 
69.2 
70.9 
71.8 
72.2 

58.8 
65.4 
69.7 
70.9 
71.6 
72.2 

-0.1 
-0.3 
+0.5 

-0.2 

Ho 

187.5 

62.5 

71.6                  71.7 

+0.1 

1 

62.5 

62.5 

72.3                  72.2 

-0.1 

4 

25.0 

100.0 

72.5                  72.5 

Total  difference. . . 
Average  difference. 


-0.1 
-0.01 


Table  3. — Surface  Tension  of  Methyl  Salicylate-Nujol-Water  Mixtures 


Concentration  of 
Methyl  Salicylate, 
Parts  per  Million 

Surface  Tension  Depression  Below  that  of  Pure  Water,  Dynes  per  Cm. 

All  Methyl  Salicylate 

75  Per  Cent.  Methyl 

Salicylate 
25  Per  Cent.  Nujol 

50  Per  Cent.  Methyl 

Salicylate 
50  Per  Cent.  Nujol 

270 

295 
590 

1.3 
9.2 

0.8 

8.8 

0.6 
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results  indicate  that  in  such  a  system  Nujol  has  no  effect  on  the  surface 
tension. 

Second  Type  of  Soluble-insoluble  Systems. — In  this  investigation, 
some  trouble  was  experienced  because  of  the  volatility  of  the  available 
soluble  substances.  In  this  respect  methyl  salicylate  is  not  entirely 
satisfactory  but  it  is  the  least  volatile  solute  tested.  In  order  to  reduce 
error  due  to  volatility,  several  readings  were  taken  for  each  concentra- 
tion on  several  samples  of  the  solution  or  emulsion  under  investigation. 
The  average  results  are  arranged  in  Table  3.  The  maximum  deviation 
from  average  was  0.35  dyne  and  the  average  deviation  0.18.  It  should 
be  noted  that  the  soluble  and  insoluble  substances  added  to  the  water 
were  first  dissolved  in  each  other,  then  emulsified  in  the  water. 

The  table  shows  that  instead  of  increasing  the  depression  of  surface 
tension  the  Nujol  reduced  it,  which  result  may  be  explained  as  follows: 
There  are  present  in  the  emulsion,  water  as  the  dispersing  medium  and 
Nujol  as  the  dispersed  phase,  with  methyl  salicylate  dissolved  in  both 
and  probably,  also,  adsorbed  at  the  interface  between  them.  Methyl 
saHcylate  is  much  more  soluble  in  Nujol  than  in  water;  therefore,  when 
equilibrium  is  reached,  the  concentration  of  the  solute  in  Nujol  is  much 
larger  than  in  water.  Hence  only  a  part  of  the  methyl  salicylate  is 
active  as  solute  in  the  water;  the  other  part  is  held  by  the  Nujol  and  does 
not  affect  the  surface  tension  of  the  emulsion.  The  depression  of  surface 
tension  caused  by  a  given  amount  of  methyl  sahcylate  when  Nujol  is 
present  is,  therefore,  less  than  that  caused  by  the  same  amount  of  methyl 
salicylate  present  alone. 

The  same  phenomenon  is  exhibited  by  International  creosote.  The 
drop  in  surface  tension  due  to  the  whole  oil  is  4.1  dynes  per  cm.  for  a  con- 
centration of  0.3  per  cent.;  the  tar  acids  contained  in  the  same  amount  of 
oil,  alone,  cause  a  drop  in  surface  tension  of  11.1  dynes  per  cm.;  the  tar 
bases,  8.9  dynes  per  cm.;  and  the  so-called  neutral  oil,  0.8  dyne  per  cm. 
Here  the  neutral  oil  holds  large  amounts  of  tar  acids  and  tar  bases,  which 
cannot,  therefore,  affect  surface  tension.  It  should  be  noted  that  this 
so-called  neutral  oil  is  not  completely  insoluble  in  water. 

Adsorption  at  Interface  of  Dispersed  and  Dispersing  Phases. — It  is  to 
be  noted  that  in  the  foregoing  experiment,  part  of  the  methyl  salicylate 
must  be  present  as  an  adsorbed  film  around  the  Nujol  globules,  just  as 
methyl  salicylate  is  adsorbed  at  the  air-liquid  interface.  The  chain  of 
equilibria  may  be  represented  as  follows:  Let  A  =  liquid  insoluble  in 
water,  which  forms  dispersed  phase,  and  B  =  Hquid  soluble  both  in 
water  and  in  ^.     If  the  amount  of  dissolved  substance  is  diminished 

/l;rZ~~^  B    .  '   iVafer: ^B-^  ^    A  +  B 

(■i-B vapor)  adsorbed  at  +  adisorbedat 

II        air -liquid  B  A-wafer 

irrterface  |[  mferface 

Airnosphere  Dispersing  Dispersed 

phase  phase 
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in  the  dispersing  phase,  more  of  this  substance  will  pass  in  solution 
from  the  dispersed  phase,  which  thus  acts  as  a  sort  of  self-adjusting 
reservoir  for  the  dissolved  substance. 

Surface  Tension-concentration  Curves  for  Soluble-insoluble  Systems  of 
Second  Type. — In  the  present  work  on  surface  tension  of  solutions  early- 
experiments  showed  that  the  surface  tension-concentration  curve  with 
concentrations  plotted  on  a  logarithmic  scale  is  always  convex  in  the 
region  of  low  concentration  (see  Figs.  6,  8  and  10).  Emulsions,  on  the 
contrary,  give  curves  alternately  convex  and  concave  (see  Fig.  20) .  This  is 
explained  by  the  fact  that  the  portion  of  an  oil  undissolved  at  a  certain 
concentration,  say  0.5  lb.  oil  per  ton  of  water,  dissolves  partly  in  a  more 

dilute  solution,  such  as  0.05  lb.  oil 
per  ton  of  water.  If  the  undissolved 
part  of  the  emulsion  were  taken  out 
of  the  system  and  agitated  with  a 
new  portion  of  water,  another  por- 
tion of  the  oil  would  dissolve.  If, 
then,  a  certain  emulsion  is  diluted 
to,  say,  one-quarter  of  its  former 
concentration,  the  soluble  portion  is 
diluted  to  one-quarter  of  its  former 
concentration,  but  at  the  same  time 
some  of  the  previously  undissolved 
portion  is  dissolved  and  the  depres- 
sion of  the  surface  tension  is  larger 
than  would  otherwise  be  expected; 
the  concentration-surface  tension 
curve  will  sag  more,  and,  if  plotted 
with  logarithmic  abscissas,  will  be 
partly  concave  and  partly  convex. 
It  may,  then,  be  said  that  in  the  case 
of  complex  oils,  such  as  coal-tar  oils, 
pine  oils,  etc.,  the  parts  that  are 
soluble  in  dilute  emulsions  and  not  soluble  in  more  concentrated  emulsions 
constitute  the  reserves.  When  the  emulsion  is  diluted,  either  through 
addition  of  water  or  removal  of  the  dissolved  portion,  part  of  the 
undissolved  oil  goes  into  solution  and  a  given  frothing  operation  is  thus 
enabled  to  continue. 

Frothing. — Pure  emulsions,  such  as  a  Nujol  emulsion,  do  not  froth  at 
all.  Emulsions  of  an  oil  that  is  partly  soluble  do  froth,  but  less  than  they 
would,  for  a  given  concentration,  if  the  insoluble  portion  were  absent. 
This  is  shown  by  comparison  of  the  curves.  Figs.  21  and  22,  for  the 
soluble  and  insoluble-plus-soluble  portions  of  Barrett  No.  4,  and  Figs. 
23  and  24  for  methyl  salicylate  solution  and  methyl  sahcylate-Nujol- 
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water  mixtures.  An  insoluble  dispersed  substance  has  a  dampening 
effect  on  the  frothing  power  of  a  solute.  Note,  however,  that  here  the 
stabilizing  effect  of  the  undissolved  oil  is  not  considered.  It  may  well 
be  that  this  stabilization  will  give  an  appearance  of  greater  frothing  in 
the  case  of  some  oils  with  the  undissolved  portion  present. 

Conclusions  as  to  Surface  Tension  and  Adsorption  of  Soluble-insoluble 
Systems. — 1.  Insoluble  oils  do  not  affect  surface  tension  and  do  not 
cause  frothing  in  a  system  composed  solely  of  water  and  the  insoluble  oil. 

2.  In  a  system  composed  of  water,  a  water-soluble  substance,  and  a 
water-insoluble  substance,  in  which  the  latter  two  are  not  mutually 
soluble,  the  substance  insoluble  in  water  has  no  effect  on  the  surface 
tension  of  the  system. 

3.  In  a  system  composed  of  water,  a  water-soluble  substance,  and  a 
water-insoluble  substance,  in  which  system  the  latter  two  members  are 
mutually  soluble,  the  substance  insoluble  in  water  dissolves  some  of  the 
substance  soluble  in  water,  thus  preventing  the  latter  from  exerting  its 
full  effect  on  the  surface  tension  of  the  water. 

4.  In  such  a  system  as  the  last  mentioned,  the  substance  insoluble 
in  water  acts  as  a  dampener  on  the  frothing  power  of  the  solution, 
particularly  when  the  solution  is  dilute. 

5.  The  soluble  substance  is  dissolved  in  water  and  in  the  insoluble 
substance  and  is  also  adsorbed  at  the  interface  between  these,  establishing 
a  chain  of  equilibria  in  which  the  water-insoluble  substance  acts  as  a 
self-adjusting  reservoir  for  the  water-soluble  substance. 

6.  In  the  case  of  complex  flotation  oils,  the  undissolved  portion  may 
partly  dissolve,  if  sufficiently  diluted,  in  which  case  it  acts  as  a  reservoir 
to  supply  soluble  oil  to  replace  that  removed  by  frothing. 

Surface-tension  Effect  of  Oleic  Acid  and  Similar  Substances. — Oleic 
acid  and  certain  other  higher  fatty  acids  are  reputed  insoluble;  yet,  in 
minute  amounts,  many  of  them,  including  oleic,  reduce  the  surface 
tension  of  water  considerably.  If  a  small  amount  of  oleic  acid  is  dis- 
solved in  benzene  and  a  drop  of  the  solution  is  placed  on  a  large  water 
surface,  the  drop  spreads,  the  benzene  evaporates  and  leaves  the  surface 
covered  with  oleic  acid.  If  the  surface  is  dusted  with  talcum  powder  and 
then  blown,  the  talcum  powder  gathers  in  a  certain  definite  area,  indicat- 
ing a  film  of  oleic  acid  over  that  area;  whereas,  when  no  oleic  acid  is  added 
and  pure  water  is  used,  the  powder  can  be  blown  to  a  negligible  area.  If 
the  amount  of  oleic  acid  contained  in  the  benzene  drop  is  known  and  the 
number  of  molecules  per  gram-molecule  is  taken  into  account,  computa- 
tion shows  that  the  minimum  area  on  which  the  talcum  powder  can  be 
condensed  is  approximately  equal  to  the  area  that  the  oleic  acid  in  the 
drop  would  cover,  if  spread  to  a  monomolecular  film.  The  word 
"approximately"  is  used  here  because  of  the  implicit  assumption  that  the 
molecules  are  equidimensional. 
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The  surface  tension  of  a  water  surface  to  which  oleic  acid  is  added  in 
this  fashion  is  found  to  differ  little  from  that  of  water,  so  long  as  the 
oleic  acid  is  insufficient  to  cover  the  surface  with  a  monomolecular  film. 
As  soon,  however,  as  this  point  is  reached,  the  surface  tension  begins  to 
drop  and  quickly  reaches  a  value  near  50  dynes  per  cm.,  decreasing  but 
slightly  with  further  addition  of  oleic  acid.  The  detailed  procedure 
follows:  An  oleic-acid  solution  in  benzene  containing  1.95  X  10~^  mg. 
of  oleic  acid  per  drop  of  benzene  was  prepared.  The  area  tested  was  135 
sq.  cm.  The  height  of  the  oleic-acid  molecules,  according  to  Langmuir,^ 
being  10.8  X  10"^  cm.,  the  weight  of  a  film  of  oleic  acid  one  molecule 
deep  over  this  area  is  12.75  X  10~^  mg.  Between  six  and  seven  drops 
of  the  benzene  solution  were,  therefore,  required.  As  the  benzene  was 
dropped  on  the  water,  the  oil  spread  instantly  with  iridescence  and 
immediate  evaporation,  up  to  the  sixth  drop.  The  seventh  drop  spread 
with  difficulty.  The  eighth  drop  did  not  spread  but  formed  a  large  flat 
lens  which  resolved  itself  into  several  small  drops  as  the  benzene  evapor- 
ated. From  the  ninth  drop  onward,  the  benzene  solution  remained  on 
the  surface  as  a  globule  for  a  considerable  time,  the  benzene  evaporating 
slowly.     The  surface-tension  readings  are  condensed  in  Table  4. 

Table  4. — Effect  of  Oleic  Acid  on  Surface  Tension  of  Water 


Number  of 
Drops  of  Ben- 
zene Solution 
Added 

Weight  of  Oleic 
Acid  Added, 
Mg.  X  10-' 

Per  Cent,  of 

Complete 

Monomolecular 

Film  Present 

Surface  Tension, 
Dynes  per  Cm. 

Depression  of 

Surface  Tension 

Below  that  of  Water 

(72.8  Dynes  per  Cm.) 

1 

1.95 

15.3 

72.1 

0.7 

2 

3.90 

30.6 

71.9 

0.9 

3 

5.85 

45.9 

71.8 

1.0 

4 

7.80 

61.2 

71.7 

1.1 

5 

9.75 

76.5 

71.6 

1.2 

6 

11.70 

91.8 

71.5 

1.3 

7 

13.65 

107.0 

67.7 

5.1 

8 

15.60 

122.3 

63.3 

9.5 

9 

17.55 

137.8 

62.0 

10.8 

If  a  certain  time  is  allowed  to  elapse  after  the  evaporation  of  the 
benzene  and  before  measuring  the  surface  tension,  the  latter  is  found  to 
increase.  Results  of  observations  are  given  in  Table  5.  The  cause  of 
this  increase  may  be:  (1)  Some  benzene  is  retained  by  the  oleic  acid  and 
evaporates  but  slowly;  (2)  oleic  acid  evaporates;  (3)  oleic  acid  dissolves; 
(4)  oleic  acid  changes  chemically.  Of  these  reasons,  (2)  and  (3)  seem  to 
be  the  most  plausible  because  the  surface  tension  with  any  given  number 
of  added  drops  increases  with  time  of  standing  at  a  rapidly  decreasing 
rate  and  such  curves  as  Fig.  25,  showing  the  change  in  surface  tension 

8  Fundamental  Properties  of  Liquids  and  Solids,  Part  2,  Jrd.  Am.  Chem.  Soc. 
(1917)  39,  1848-1906. 
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Table  5. — Effect  of  Time  of  Standing  on  Surface  Tension  of  Oleic 
Acid-water  Mixtures 


Amount  of  Oleic 

Acid-benzene 
Solution  Added 


Surface  Tension  Measured 


Surface  Ten- 
sion, Dynes 
per  Cm. 


18  drops 


Immediately  after  evaporation  of  benzene. 

After  standing  10  min 

After  standing  40  min 


54.3 
59.0 
63.5 


24  drops 


Immediately  after  evaporation  of  benzene. 

After  standing    2  hr 

After  standing  15  hr 


53.5 
64.0 
64.8 


32  drops 


Immediately  after  evaporation  of  benzene. 

After  standing  15  min 

After  standing  45  min 

After  standing  75  min 

After  standing  2  hr 

After  standing  3  hr 

After  standing  48  hr 


48.4 
51.5 
55.2 
58.7 
61.8 
62.9 
63.2 


with  time  plotted  from  the  last  division  of  Table  5,  and  are  typical  of 
evaporation  and  solution,  the  curve  being  asymptotic  to  a  line  repre- 
senting equihbrium  under  the  existing  conditions. 

E   TO 


-6^60 


50 


1/5  40 


/^=== 


0.5 


1.5 


?.0 


Days  Standing 
Fig.  25. — Effect  of  time  of  standing  on  oleic  acid-water  mixtures. 

Because  of  this  change  in  surface\tension  with  time,  and  of  the  ques- 
tionable purity  of  the  benzene  used,  a  slight  modification  was  introduced 
in  the  experiment.  The  oleic  acid,  instead  of  being  added  as  a  solution 
in  benzene,  was  added  directly  by  dipping  a  looped  platinum  wire  in  the 
oil  and  then  touching  the  water  to  be  contaminated.  The  excess  oil 
was  first  discarded  by  vigorously  shaking  the  platinum  dipper  after 
taking  the  oil.  The  results  are  embodied  in  Fig.  26.  Weights  of  oleic 
acid  are  estimated  by  determining  the  average  area  of  film  formed  by  the 
oil  added  by  each  touch  of  the  dipper,  and  calculating  weights  from  this 
figure  and  the  numbers  of  dips,  using  the  data  in  Table  4.  Comparing 
this  curve  with  the  concentration-surface  tension  curve  of  a  substance 
completely  soluble  in  water,  such  as  acetic  acid  or  phenol,  shows  that  a 
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monomolecular  film  of  oleic  acid  decreases  the  surface  tension  by  only 
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Fig.  26. — Surface  tension-concentration  curve  for  oleic-acid  films  on  water. 

Area  tested  135  SQ.  cm. 


Mc 


'0     5     10    15    20   25  30    35   40   4S    50    55    60    G5   TO    T5    80    85   90  95    100 
Concentration  of  Phenol, per  cent 

Fig.  27. — Surface   tension-concentration  curves  for  wholly  soluble  sub- 
stances IN  water. 

0.9  dyne  per  cm.,  while  in  the  case  of  phenol  or  acetic  acid  the  decrease 
is  much  larger.     The  portion  AB  oi  the  curve  (Fig.  26)  for  oleic  acid 
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corresponds  to  the  portion  AB  (Fig.  27)  for  a  completely  soluble  sub- 
stance, inasmuch  as  in  both  cases  B  corresponds  to  a  monomolecular 
film.  B  and  C  may  coincide,  as  is  the  case  with  acetic  acid;  they  may  be 
on  the  same  level  but  not  coincident,  as  is  substantially  the  case  with 
cresol  and  phenol;  and  Marcelin^  finds  that  there  are  a  number  of  sub- 
stances for  which  the  depression  in  surface  tension  at  saturation  is  inter- 
mediate between  the  depression  caused  by  oleic  acid  and  that  caused  by 
a  highly  soluble  substance.  This  stronglj'-  points  to  the  conclusion  that 
the  difference  between  oleic  acid  and  these  solutes  is  one  of  degree  rather 
than  of  kind. 


Table  6. — Behavior  of  Various  Flotation  Oils  at  Water  Surface 


Observations                  Oleic  Acid 

Barrett  No.  4          q   N.'s.'^o.  5            ^'^^"^  ^-  ^-  ^• 

i 

Vigor  of   spreading            Great 

• 
Much  smaller        Slightly  larger  than    Small 
Barret  No.  4 

Decrease  in  size  of  drop    No  decrease  eb- 
on standing                        served 

Decreases               Decreases  fairly        i  Vanishes   in   a  few 
slowly                     rapidly                      i    seconds 

Number  of  drops  to  get    One  drop  is  just 
"monomolecular- film"  ,    too  much 
effect 

9  to  10                    About  30                      25  drops  cover  but 

small    fraction    of 
available  area 

Another  line  of  reasoning  that  leads  to  the  same  conclusions  is  based 
on  the  following  experiment:  A  platinum  wire  with  looped  end  was 
dipped  in  an  oil  and  the  drop  was  carefully  placed  on  the  surface  of  water 
in  a  clean  photographic  tray  5  by  9  in.  The  water  was  previously  cleaned 
by  dusting  with  talcum  powder  and  crowding  the  surface  film  to  one  end 
of  the  tray  by  means  of  a  strip  of  clean  non-porous  paper.  The  results 
are  condensed  in  Table  6,  which  shows  that  the  same  phenomena  occur 
with  the  four  substances  tested,  although  in  different  degrees;  and 
increasing  solubility  of  the  substances  named  from  left  to  right  in  the 
table  is  indicated. 

Adsorption  at  Air-liquid  Surfaces 

Experiment. — Four  2000-c.c.  portions  of  a  solution  containing  0.50 
c.c.  pine  oil  (0.023  per  cent.)  and  1  c.c.  sulfuric  acid  per  2000  c.c.  of  water 
were  obtained  by  a  10-min.  agitation  in  the  square  glass  jar  apparatus, 
followed  by  filtering  through  5  gm.  of  infusorial  earth.  The  combined 
filtrate  was  placed  in  a  Callow  cell  (laboratory  size)  and  the  air  turned  on. 
About  3000  c.c.  of  solution  was  collected  as  a  froth.  This  was  returned 
to  the  emptied  cell  and  run  again,  1800  c.c.  of  liquid  being  overflowed  as 


9  Marcelin,  Comptes  rendus  (1921)  173,  38-41,  and  79-82. 
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froth.  This  was  again  returned  and  800  c.c.  of  solution  overflowed. 
Surface-tension  determinations  were  made  as  follows: 

Original  solution 63.5  dynes  per  cm. 

Residual  solution  from  first  run .  .   65.3  dynes  per  cm. 
Overflow  from  third  run 62.2  dynes  per  cm. 

Taking  evaporation  losses  into  consideration,  these  differences  in 
surface  tension  clearly  indicate  that  the  concentration  of  the  oil  is  greater 
in  the  froth  than  in  the  bulk  of  the  solution,  and  indicate  adsorption  at 
the  air-liquid  surfaces. 

Slightly  different  tests  were  conducted  in  the  square  glass  jar  agitation 
machine.  While  agitating  0.50  c.c.  of  pine  oil  with  1  c.c.  of  sulfuric  acid 
in  2400  c.c.  of  water,  the  liquid  was  sampled  by  siphoning  during  agita- 
tion, while  the  beater  revolved  at  about  2000  r.p.m.  It  was  found  that 
the  surface  tension  of  the  liquid  thus  drawn  off  was  appreciably  lower 
than  that  of  a  sample  taken  similarly  from  the  same  body  of  liquid  at  rest. 
This  result  could  be  caused  by  one  or  more  of  the  following  phenomena: 

(1)  Evaporation  of  part  of  the  oil  between  the  two  sampling  operations, 

(2)  Collection  of  the  oil  at  the  top  of  the  jar,  at  rest,  causing  correspond- 
ing decrease  in  concentration  of  the  oil  in  bulk  and  thus  in  the  sample 
taken  at  rest.  (3)  Adsorption  of  the  oil  on  minute  air  bubbles  during 
agitation,  followed  by  selective  drawing  of  these  bubbles  by  the  siphon. 

To  decide  which  of  these  was  the  real  cause  of  the  discrepancy,  the 
following  tests  were  carried  out: 

1.  Concentration  of  pine  oil,  0.019  per  cent,  on  the  water,  (a)  Surface 
tension  of  sample  taken  just  before  stopping  an  agitation  lasting  for 
10  min.  at  2000  r.p.m.,  49.4  dynes  per  cm.  (b)  Surface  tension  of  sample 
taken  after  cessation  of  agitation,  62.9  dynes  per  cm.  (c)  Surface 
tension  of  same  sample  after  filtering  twice  through  10  gm.  of  infusorial 
earth,  62.5  dynes  per  cm. 

2.  Concentration  of  pine  oil,  0.0076  per  cent,  on  the  water,  (a) 
Surface  tension  of  sample  taken  just  before  stopping  an  agitation  lasting 
for  10  min.  at  2000  r.p.m.,  56.7  dynes  per  cm.  (6)  Surface  tension  of 
sample  taken  during  agitation  at  500  r.p.m.,  64.0  dynes  per  cm.  (c) 
Surface  tension  of  sample  taken  after  cessation  of  agitation  from  bottom 
of  jar,  67.3  dynes  per  cm.  (d)  Surface  tension  of  sample  taken  after 
agitation,  from  top  of  jar,  67.3  dynes  per  cm.  (e)  Surface  tension  of 
sample  taken  after  agitation  and  filtering  through  10  gm.  of  infusorial 
earth,  66.8  dynes  per  cm. 

3.  Concentration  of  pine  oil,  0.019  per  cent,  on  the  water,  (a)  Surface 
tension  of  sample  taken  just  before  stopping  an  agitation  lasting  for  10 
min.  at  2000  r.p.m.,  47.3  dynes  per  cm.  (compare  49.4  dynes  per  cm.  in 
first  test.)  (6)  Surface  tension  of  sample  taken  after  cessation  of  agita- 
tion, 62.5  dynes  per  cm.  (compare  62.9  dynes  per  cm.  in  first  test),     (c) 
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Surface  tension  of  sample  taken  during  a  second  agitation,  after  the 
above  samples  were  taken,  agitation  at  about  500  r.p.m.,  56.0  dynes  per 
cm.  (d)  Surface  tension  of  sample  taken  just  before  the  end  of  a  second 
10-min.  period  of  agitation  at  2000  r.p.m.,  53.5  dynes  per  cm.  (compare 
with  47.3  dynes  per  cm.,  test  3a). 

These  results,  particularly  those  of  the  third  test,  show  that  samples 
taken  from  the  body  of  the  liquid  during  agitation  contain  considerably 
more  soluble  oil  than  is  contained  in  the  body  of  the  liquid  at  rest.  This 
cannot  be  ascribed  to  evaporation,  inasmuch  as  the  discrepancy  existed 
whether  the  sample  during  the  agitation  was  taken  before  or  after  the 
sample  at  rest.  The  fact  that  the  surface  tension  of  a  sample  from  very 
near  the  top  of  the  liquid  in  the  jar  at  rest  was  exactly  equal  to  that  of  a 
sample  from  the  bottom  of  the  jar,  argues  against  an  uneven  distribution 
of  the  oil  throughout  the  jar  at  rest.  On  the  other  hand,  the  presence  of 
extremely  numerous  and  minute  air  bubbles  cannot  be  doubted,  and 
while  they  increase  the  bulk  of  the  emulsion  only  slightly,  the  larger 
bubbles  formed  by  their  coalescence  in  the  siphon  represent  a  considerable 
part  of  the  bulk  of  the  fluid  therein.  It  is,  therefore,  easily  conceivable 
that  the  siphon  drew  a  greater  proportion  of  air  bubbles  than  was  present 
in  the  bulk  of  the  liquid,  and  that  the  sample  thus  obtained  had  the 
characteristics  of  a  froth,  that  is,  it  was  richer  in  oil  than  the  bulk  of 
the  liquid. 

Adsorption  at  Solid  Surfaces 

Manipulation  and  Calculations. — The  adsorbents  used  were  pure 
minerals  and  ores  ground  and  sized.  At  first  when  small  quantities  only 
were  desired,  they  were  prepared  by  hand  grinding  in  a  porcelain  mortar, 
but  this  proved  a  tedious  task  when  several  pounds  of  closely  sized 
quartz  averaging  0.1  mm.  diameter  were  desired.  Hand  grinding  was 
then  replaced  by  a  laboratory  disk  pulverizer  with  dry  screening  through 
Tyler  standard  screens.  This  introduced  an  appreciable  amoimt  of 
metallic  iron  but  not  enough  to  show  an  effect  on  the  results. 

In  the  first  tests,  the  liquid  was  placed  in  a  250-c.c.  Erlenmeyer  flask 
and  the  adsorbent  was  added.  Then  the  flask  was  agitated,  usually  one 
shake  for  each  2  gm.  of  adsorbent,  and  the  suspension  was  allowed  to 
settle.  The  supernatant  liquid  was  decanted  and  its  surface  tension 
measured.  Oftentimes  so  much  adsorbent  was  floated  that  filtering 
was  necessary,  to  insure  accurate  surface-tension  determination.  After 
considerable  use  this  method  was  abandoned  for  the  following:  A  400-c.c. 
portion  of  a  solution  taken  from  a  2000  or  2500-c.c.  preparation  was 
placed  in  the  square  glass  jar  apparatus  with  the  desired  amount  of 
adsorbent  and  agitated  for  10  min.  at  1700  r.p.m.  This  mixture  was 
then  filtered  through  a  5  to  10-gm.  bed  of  infusorial  earth,  using  a  25-in. 
vacuum.    The  surface  tensions  of  the  feed  and  product  solutions  were 
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measured.  A  blank  test  was  then  run  with  another  400  c.c.  of  feed 
solution  as  above,  except  that  no  adsorbent  was  added  and  surface- 
tension  measurements  were  taken  on  the  solution  before  and  after  treat- 
ment. If  Tf  be  the  depression  for  the  feed  solution  in  both  cases,  Tb  the 
depression  for  the  blank  product  solution.  Up  the  depression  for  the  prod- 
uct solution,  the  corresponding  concentrations  are  proportional  (on  the 
assumption  of  a  straight-hne  law)   or : 

Lf        kjb        yjp 

Yp^Ts^  Tp 
The  reduction  in  concentration  by  adsorption,   Cb  —  Cr,  is  then: 

Ub    —    Kjp    —  ™  /\  K/F 

If 

The  amount  adsorbed,  M,  is: 

Qf  being  the  amount  of  oil  present  in  the  original  solution  when  the 
surface  tension  was  measured.  This,  however,  is  not  by  any  means  the 
amount  of  oil  introduced  into  the  water  when  the  feed  solution  was 
prepared.  Part  of  this  oil  was  removed  by  the  filter  as  undissolved 
droplets,  part  was  removed  by  evaporation  during  the  preparation  of  the 
feed  solution,  and  part  was  adsorbed  by  the  infusorial  earth.  The 
actual  amount  of  oil  in  solution  can  be  either  determined  or  estimated. 
The  percentage  lost  by  evaporation  and  adsorbed  by  the  infusorial 
earth  can  be  determined  from  the  blank  test  as  follows:  Through  this 
blank  treatment  the  proportion  of  oil  removed  was 

Cp  —  Cb  _  Tp  —  Tb 
Cp  Tp 

This  applies  to  400  c.c.  Reckoned  on  the  2000  or  2400  c.c  present  at  the 
beginning,  the  proportion  is  less;  one-quarter  would  seem  a  fair  figure  to 
use.  Qf  can  then  be  computed  from  the  amount  of  oil  Q  put  into  the 
jar  with,  say,  2000  c.c.  of  water  as  follows: 

^'~  ^^2000  ^~TTp      ^^ 

where  S  =  solubility  of  oil  used,  as  independently  determined., 

To  determine  the  average  thickness  of  the  adsorbed  film,  it  is  neces- 
sary to  know  the  surface  of  the  adsorbent  used.  This  cannot  be  accurately 
determined  because  the  minerals  do  not  break  in  regular  shapes.  How- 
ever, most  minerals  break  with  a  certain  habit,  galena  fragments  being 
generally  cubical;  sphalerite  tetrahedral;  calcite  riiombohedral;  pyrite  and 
chalcopyrite  granular  and  more  or  less  equidimensional;  chalcocite 
and  quartz,  flattened  and  irregular.  Galena  fragments  passing  100  mesh 
and  staying  on  150  mesh  (Tyler)  will  have  an  average  diameter  approxi- 
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Table  7. — Areas  per  Gram  of  Finely  Ground  Mineral  Particles 


Approximate  Area  (sq.  cm.)  per  Gram 


Mineral 


Galena 

Quartz 

Chalcocite . .  . 
Sphalerite . . . 
Chalcopyrite 

Pyrite 

Calcite 


Shape- 
correcting 
Multiplier 


1.0 

1.6 
1.4 
1.2 
1.3 
1.2 
1.3 


Specific 
Gravity 


7.5 
2.5 

5.7 
4.0 
4.2 
5.0 

2.7 


— 200-mesh,  Tyler. 
Average  Size 


0.03 
Mm. 


267 


600 


0.035 
Mm. 


0.04 
Mm. 


-150  -100-100'  -65  •  -65 
+  200  +200  !  +150  +150  ;  +100 
Mesh  ,  Mesh  '  Mesh  ,  Mesh  ,  Mesh 
Tyler    Tyler    Tyler    Tyler  i  Tyler 


90 

1095  430 

370  165 

I  200 

465  210 

360  160 

825  325 


73 

64 

51 

350 

310 

240 

133 

118 

93 

165 

145 

115 

170 

150 

120 

130 

115 

92 

265 

230 

185 

45 
215 

83 
100 
105 

81 
160 


mately  the  mean  between  the  openings  of  the  two  screens,  or  0.125  mm. 
Assuming  all  the  particles  to  be  cubes  of  this  size,  the  total  area  per  gram 
is  64  sq.  cm.  For  any  other  mineral,  this  number  should  be  multiplied 
by  the  ratio  of  the  specific  gravity  of  galena  to  that  of  the  mineral,  and 
by  a  factor  determined  by  the  habit  of  the  broken  material.  Table  7 
presents  the  factors  used  and  the  approximate  areas  calculated  as  des- 
cribed. It  will  be  noticed  that  for  material  below  200  mesh  the  column 
has  been  subdivided  and  the  figures  for  various  minerals  have  been  put 
into  columns  headed  by  different  figures  for  average  size.  This  is  done 
because  the  materials  break  differently,  depending  on  the  hardness, 
brittleness  and  breaking  habit,  and  the  average  size  will,  therefore,  vary 
according  to  the  mineral.  Table  7  does  not  take  into  account  the 
possibility  that  some  of  the  material  may  approach  the  colloidal  state, 
which  would  greatly  increase  the  surface.  One  per  cent,  of  colloidal 
material  averaging  0.1  )U  in  diameter  in  the  material  finer  than  200  mesh 
would  increase  the  surface  350  per  cent.  This  is,  perhaps,  a  serious 
omission,  but  no  exact  data  are  at  hand  to  correct  it.  On  the  other 
hand,  with  the  pure  minerals  used  in  preparing  solids  for  the  adsorption 
tests,  little  if  any  colloidal  material  is  formed  in  grinding  and  any  error 
thus  introduced  probably  affects  all  the  results  cited  in  much  the  same 
way  and  order,  so  that  relative  results  are  not  seriously  affected. 

Table  8. — Adsorption  of  Pine  Oil  from  Emulsions  by  Solids 


Concentra- 
tion of  Oil 
(Pine  Oil). 
Parts  per 
Million 


Adsorbent 


Square 

Centimeters  of 

Adsorbent 

Surface  per 

Gram  of  Oil 


Surface  Tension 


Before     I      After 
Agitation  ,  Agitation 

with  with 

Adsorbent   Adsorbent 


Differ- 
ence in 
Surface 
Tension 


Grams  of  Oil 

Adsorbed 

per  Square 

Centimeter  of 

Adsorbent 

Surface 


19. G         Quartz ;    8.27X106        68.1     !     G9.2        +1.1|      2.8  X  lO^* 

19.6         Galena 5.75X10"        66.4     '     71.7     '+5.3  1    14.5  X  10-« 

19.6         Galena 3.66X10"        65.1  70.8        +5.7      20.2  X  10-« 
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Table  9. — Adsorption  of  Hardwood  Creosote  from  Emulsions  by  Solids 


Concentra-   I 
tion  of  Oil    j 
(Cleveland 
Cliffs),  Parts  I 
per  Million   | 


Adsorbent 


Square 

Centimeters  of 

Adsorbent 

Surface  per 

Gram  of  Oil 


Surface  Tension 


Before 

Agitation 

with 
Adsorbent 


After 
Agitation 

with 
Adsorbent 


Differ- 
ence in 
Surface 
Tension 


Grains  of     Oil 

Adsorbed 

per  Square 

Centimeter  of 

Adsorbent 

Surface 


42.4 

42.4 

42.4 

42.4 

84.8 

84.8 

84.8 

84.8 

250.0 

250.0 

250.0 

250.0 

250.0 

250.0 


Galena 

Quartz 

Galena 

Galena 

Galena 

Galena 

Galena 

Galena 

Pyrite 

Galena 

Blende 

Quartz 

Chalcopyrite. 
Chalcocite.  .  . 


1.83 

5.09 

0.55 

0.04 

0.85 

0.42 

0.21 

0.04 

0.287 

0.287 

0.287 

0.287 

0.287 

0.287 


XIO^ 
X106 
XIO" 
X10« 
X10« 
X106 
X10« 
X10« 
XIO^ 
X10« 

xio^ 

XIO" 

xio« 

XIO" 


68.9 
67.3 
68.7 
66.7 
66.7 
65.2 
65.5 
61.3 
55.8 
55.8 
56.0 
56.0 
53.4 
52.7 


72.0 

71.4 
71.4 
67.4 
70.4 
70.2 
66.9 
61.6 


60.5 
61.1 
60.5 
60.0 
60.9 
58.2 


+3.1 
+4.1 

+2.7 
+0.7 
+3.7 
+5.0 
+  1.4 
+0.3 
+4.7 
+5.3 
+4.5 
+4.0 
+7.5 
+5.5 


62.0 
14.5 

120.0 

303.0 
72.0 

156.0 
89.0 
68.0 
97.0 

108.0 
94.0 
84.0 

136.0 
94.0 


X  10-8 

X  io-» 

X  10-8 
X  10-8 
X  10-8 
X  10-8 
X  10-8 
X  10-8 
X  10-8 
X  10-8 
X  10-8 
X  10-8 
X  10-8 
X  10-8 


Table  10.— Comparison  of  Adsorption  Data  by  Fahrenwald  with  Results  by 

Taggart  and  Gaudin 


Adsorbent 


A.  W.  Fahrenwald's  Data 


Taggart  and  Gaudin  Data 


Surface  Tension, 
Dynes  per  Cm. 


Before  After 

Agitating  i  Agitating 
with  with        j 

I  Adsorbent   Adsorbent  | 


Surface  Tension, 
Dynes  per  Cm. 


Difference 

in  Surface 

Tension 


Before 

Agitating 

with 


After 

Agitating 

with 


Difference 

in  Siu-face 

Tension 


'  Adsorbent    Adsorbent 


Galena 

Sphalerite 

Chalcopyrite 

Chalcocite 

Quartz 

Total 

Average  diflference. . 


-0.3 
-0.05 


a.d.  = 
A.D.  = 


Za.d. 

n 
a.d, 


3.0 


=  0.6 


=  0.3  dyne 


Amount  of  adsorbent  vised: 

8  c.c.  of  —  20-mesh,  +28-mesh,  freshly  ground  adsorbent,  for  every  100  c.c.  of 
emulsion. 
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Table  11. — Adsorption  of  Soluble  Portion  of  Pine  Oil  at  Sulfide  Surface 


Concentra- 
tion of 

Adsorbent 

Square 

Centimeters  of 

Adsorbent 

Surface  per 

Gram  of  Oil 

Surface 
Dynes 

Tension, 
per  Cm. 

Surface 

Tension 

Difference, 

Dynes  per 

Cm. 

Grams  of  Oil 
Adsorbed 

Portion  of 

Pine  Oil 

(G.N.S.  5), 

Parts  per 

Million 

Before 

Agitating 

with 
Adsorbent 

Aftei 

Agitating 

with 
Adsorbent 

1 

per  Square 

Centimeter  of 

Adsorbent 

Surface 

108.0 

Galena 

1.23  X  10^ 

61.3 

63.9 

+2.6 

18.6  X  10-s 

108.0 

Galena 

0.55  X  106 

62.1 

62.5 

+0.4 

7.2  X  10-8 

108.0 

Galena 

3.70  X  10« 

61.1 

65.1 

+4.0 

9.2  X  10-8 

54.0 

Galena 

7.39  X  10^ 

65.4 

68.6 

+3.2 

4.6  X  10-8 

54.0 

Galena 

1.54  X  10" 

65.6 

67.3 

+  1.7 

15.6  X  10-8 

54.0 

Galena 

0.55  X  106 

66.0 

66.3 

+0.3 

8.0  X  10-8 

27.0 

Galena 

2.46  X  10" 

69.3 

70.0 

+0.7 

8.1  X  10-8 

27.0 

Galena 

9.25  X  106 

68.8 

70.6 

+1.8 

4.9  X  10-8 

27.0 

Galena 

1.10  X  106 

69.0 

69.6 

+0.6 

14.4  X  10-8 

13.5 

Galena 

4.92  X  106 

71.4 

1     72.0 

1    +0.6 

8.7  X  10-8 

Average. 

9.9  X  10-8 

Adsorption  Tests. — The  first  tests  were  made  with  emulsions  of  pine 
oil  (G.N.S.  No.  5),  Cleveland  Cliffs  No.  1  (hardwood  creosote),  and 
Barrett  No.  4,  (coal-tar  creosote).  These  oils  are  tj'-pical  of  their  classes. 
The  results  were  erratic  and  unsatisfactory,  caused,  without  doubt,  by- 
greasing  of  the  knife  edge  in  the  surface-tension  determinations  on  the 
original  emulsion.  The  Erlenmeyer-flask  adsorption  method  was  used. 
The  results,  though  poor,  are  included  to  give  an  idea  of  their  erratic 
character  and  to  impress  the  fact  that  it  is  useless  with  this  apparatus  to 
try  to  determine  adsorption  in  emulsions.  See  Tables  8  and  9.  An 
attempt  was  made  to  duplicate  exactly  Fahrenwald's  tests^"  on  adsorption 
with  emulsions  of  hardwood  creosote;  our  results  disagree  widely  with  his. 
Both  sets  are  tabulated  in  Table  10,  for  comparison. 

With  the  soluble  portion  of  pine  oil  (G.N.S.  No.  5)  and  the  Erlen- 
meyer-flask method  of  determining  adsorption  more  consistent  results 
were  obtained;  these  are  condensed  in  Table  11. 

It  has  been  pointed  out  that  as  the  work  progressed  refinements 
in  procedure  were  introduced.  The  following  summary  of  the  plan 
developed  may  be  useful  to  other  experimenters : 

1.  Results  with  emulsions  are  erratic  and  unreliable;  therefore  work 
with  solutions  only. 

2.  Clean  the  knife  edge  of  the  surface-tension  apparatus  thoroughly 
with  acetone  and  ether  after  every  immersion  and  before  weighing  the 
recorded  pull  of  the  film. 

3.  Use  dilute  solutions  only. 


^°  Loc.  cit. 
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4.  The  difference  in  surface  tension  between  the  solution  and  pure 
water  should  be  as  large  as  possible. 

5.  The  solute  should  affect  the  surface  tension  of  water  considerably. 
The  more  the  effect  per  unit  of  concentration,  the  better  the  results. 

6.  The  results  with  solutes  that  are  complex  mixtures  are  subject  to 
question,  on  account  of  the  probability  of  differential  adsorption. 

7.  If  there  is  any  evidence  of  chemical  or  physical  change,  as  for 
instance  a  flocculent  precipitate  occurring  after  adsorption  and  filtering, 
the  sample  should  be  discarded. 

8.  The  area  of  adsorbent  per  unit  weight  of  solute  should  be  as  large 
as  possible. 

The  fractions  from  the  distillation  of  the  bases  and  tar  acids  of  the 
following  coal-tar  products,  Barrett  No.  4,  International  creosote,  Reilly 
No.  19,  and  Lewis  tar,  were  taken  for  the  final  adsorption  tests.  These 
tar  acids  and  tar  bases  were  prepared  as  follows:  500  c.c.  of  the  oil  was 
distilled  in  a  1000-c.c.  distilling  flask  to  separate  the  pitch.  The  liquid 
distillate  was  treated  with  a  200-c.c.  portion  of  a  solution  of  sodium 
hydroxide  (specific  gravity  1.10)  by  warming  for  several  minutes,  after 
which  the  mixture  was  poured  into  a  separatory  funnel  and  shaken;  then 
allowed  to  settle  and  the  sodium-hydroxide  solution  was  drawn  off. 
This  process  was  repeated  until  the  extracting  solution  was  clear.  The 
residual  oil  was  treated  with  a  sulfuric-acid  solution  (1  of  acid,  sp.  gr. 
1.84,  to  4  of  water  by  weight).  The  oil  and  acid  were  heated  and  shaken 
as  above  until  the  acid  solution,  after  separation,  was  clear.  The  sodium- 
hydroxide  solutions  were  then  mixed  in  a  large  separatory  funnel  and 
extracted  with  successive  100-c.c.  portions  of  benzol  until  the  benzol 
separated  clear.  The  sulfuric-acid  solution  was  subjected  to  the  same 
treatment,  the  purpose  of  which  is  to  remove  suspended  tar.  The  tar 
acids  were  recovered  by  first  boiling  the  washed  sodium-hydroxide 
solutions  vigorously  and,  after  cooling,  adding  sulfuric  acid  until  the 
solution  was  acid.  The  tar  acids  precipitated  and  were  separated  in  a 
separatory  funnel.  The  tar  bases  were  similarly  recovered  from  the 
sulfuric-acid  solution,  stick  sodium  hydroxide  being  added  until  the 
solution  became  alkaline. 

The  tar  acids  thus  obtained  were  fractionally  distilled  in  small  lots 
in  a  100-c.c.  side-arm  distilling  flask.  Fractions  distiUing  below  190°  C, 
from  190  to  205°,  from  205  to  215°,  from  215°  to  225°  or  230°,  from  230° 
to  280°,  and  above  280°C.,  were  collected.  In  all  cases  a  tarry  residue 
remained.  The  probable  approximate  composition  of  the  fractions  fol- 
lows: Below  115°,  water  and  some  phenol;  from  115°  to  190°,  phenol  and 
ortho-cresol;  from  190°  to  205°,  cresol  (mostly  meta-  and  para-)  and  ethyl 
phenols;  from  205°  to  215°,  some  cresols,  ethyl  phenols,  xylenols; from 21 5° 
to  225°,  xylenols;  from  230°  to  280°,  homologs  of  phenol  higher  than 
xylenols  or  ethyl  phenols;  above  280°  naphtols  and  their  homologs. 
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Table  12. — Adsorption  at  Quartz  and  Galena  Surfaces  from 


Whole 
Tar 

Whole 
Tar 

Tar  B 

ases  from  International 
Creosote 

Bases 

Bases 
from 
Inter- 

A ;                   Solution  of 

from 
Inter- 

Frac- 

Frac- 

Frac-      Frac- 

[ 

national 

national 

tion 

tion 

tion         tion 

j 

Creo- 

Creo- 

D 

C 

C             B 

sote 

sote 

(300°- 

(260°- 

(260°-       (100°- 

360°  C.)  300°  C.)  300°  C.)  260°  C.) 

B 

Concentration,  parts  per  mil- 

lion  

1.50 

150 

150 

150 

150 

150 

C 

Original    surface-tension    de- 

pression, dynes  per  cm 

8.3 

8.3 

11.8 

9.5 

9.5 

4.2 

D 

Surface-tension    depression 
after  blank  treatment,  dynes 

per  cm 

4.2 

4.2 

5.5 

5.8 

5.8 

2.9 

E 

Per  cent,  reduction  in  surface- 

tension    depression   through 

blank  treatment  on  400  c.c  .  . 

49 

49 

53 

39 

39 

31 

F      Estimated  percentage  of   oil 

having     evaporated     before 

original  surface  tension  was 

1^ 

measured 

4E 

12 

12 

13 

10 

10 

8 

G     Estimated   percentage   of   oil 

remaining  undissolved 

10 

10 

10 

5 

5 

2 

H     Per  cent,  of  original  oil  pres- 

10-2 X 

ent  in   water   when   original 
surface    tension    was    meas- 
ured  

(100 -G)X 
(100 -F) 

79 

T9 

78 

85 

85 

90 

J      Surface-tension    depression 

after  adsorption,  dynes  per 

K 

cm  

0.6 

1.6 

1.6 

3.6 

4.9 

1.1 

Reduction  in  surface-tension 

depression  due  to  adsorption. 

D-J 

3.6 

2.6 

3.9 

2.2 

0.9 

1.8 

L 

Concentration   present   when 
original  surface  tension  was 

measured,  parts  per  million. . 

BXH 

lis 

118 

117 

126 

126 

135 

M 

Per  cent,  reduction  in  original 
surface-tension   depression 

„ 

through  adsorption 

cXio« 

43 

31 

33 

23 

9.5 

43 

N 

Concentration  removed 
through  adsorption,    grams 
per  cubic  centimeter 

I-  X  M  X  10-« 
X  10-2 

51  X 

io-« 

37  X 
10 -• 

39  X 
10 -• 

29  X 

io-« 

12  X 
10-8 

58  X 
10-8 

Minus 

Minus 

-100 

-100 

-100 

Minus 

0     Adsorbent 

200- 

200- 

-1-200- 

+200- 

-f200- 

200- 

mesh 

mesh 

mesh 

mesh 

mesh 

mesh 

quartz 

quartz 

quartz 

quartz 

quartz 

quartz 

P     Adsorbent    area    per    gram, 

from  Table  7,  square  centi- 

meters  

1095 

1095 

350 

350 

350 

1095 

Q 

Grams  of  adsorbent  per  cubic 

centimeter  of  solution 

0.5 

0.25 

1.00 

1.00 

0.25 

0.75 

R 

Area  of  adsorbent  per  cubic 
centimeter  of  solution,  square 
centimeters 

PXQ 

Amount   of   oil  removed   per 

N 

550 

275 

350 

350 

87 

825 

S 

square  centimeter  of  adsorb- 

ent area,  grams 

R 

9.2  X 

13.4  X 

11. IX 

8.3X 

13.7  X 

7.0  X 

Maximum    percentage     error 

io-» 

10-8 

10-8 

10-8 

10-8 

10-8 

that  can  be  caused  in  S  by  an 

/0.4        '0.4  N 

T 

error  of  0.2  dyne  in  each  of 

the   surface   tensions   meas- 

X 100 

21 

25 

17 

29 

55 

53 

ured  (approximate) 

The  tar  bases  were  similarly  distilled,  the  temperatures  at  which  the 
several  fractions  started  and  stopped  being  105°,  260°,  300°,  360°  C. 
The  fraction  distilling  below  105°  is,  no  doubt,  composed  mostly  of  water 
and  pyridine;  the  fraction  from  105°  to  260°  is  probably  composed  of 
quinoline  and  its  methyl  derivatives;  the  fraction  distilling  between  260° 
and  300°,  of  higher  homologs  of  quinoline;  while  the  portion  distilling 
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Solutions  of  Tar  Acids  and  Tar  Bases  Derived  from  Coal-tar  Products 


Tar  Acids  from 
ReUly  No.  19 

Whole 
Tar  Acids 
from 
Lewis 
Tar 

Tar  Acids  from  Lewis  Tar, 

Fraction  F  (280''-35( 

Fraction 
E  (215°- 
225°  C.) 

Fraction 
E  (215°- 
225°  C.) 

)°C.) 

200 

200 

200 

200 

200 

200 

200 

200 

200 

2.9 

2.9 

5.1 

13.8 

13.8 

13.8 

14.3 

14.3 

14.3 

1.6 

1.6 

2.9 

11.2 

11.2 

11.2 

S.l 

8.1 

8.1 

45 

45 

43 

19 

19 

19 

43 

43 

43 

11 

11 

11 

5 

5 

5 

11 

11 

11 

0 

0 

10 

30 

30 

30 

22 

22 

22 

89 

89 

80 

67 

67 

67 

69 

69 

69 

1.3 

1.5 

1.0 

2.4 

6.9 

4.8 

1.0 

4.8 

3.7 

0.3 

0.1 

1.9 

8.8 

4.3 

6.4 

7.1 

3.3 

4.4 

178 

178 

160 

134 

134 

134 

138 

138 

138 

10 

3.5 

37 

64 

31 

46 

50 

23 

31 

17.8  X 

io-« 

6.2  X 
10-6 

59  X 

10-6 

84  X 
10-6 

42  X 
10-6 

62  X 
10-6 

69  X 

io-« 

32  X 
10-6 

43  X 
•10-6 

-100 
+200- 
mesh 
quartz 

-100 

■1-200- 

mesh 

galena 

Minus 
200- 
mesh 

galena 

Minus 
200- 
mesh 

galena 

Minus 
200- 
mesh 

quartz 

Minus 
200- 
mesh 

galena 

Minus 
200- 
mesh 

quartz 

Minus 

200- 

mesh 

quartz 

Minus 

200- 

mesh 

galena 

350 

73 

267 

267 

1095 

267 

1095 

1095 

267 

1.0 

2.7 

3.0 

3.0 

1.0 

1.0 

1.5 

0.5 

1.5 

392 

196 

800 

800 

1095 

267 

1645 

550 

400 

4.6  X 

io-« 

3.2  X 
10-8 

7.4  X 
10-8 

10.5  X 
10-8 

3.8  X 
10-8 

23.2  X 
10-8 

4.2  X 
10-8 

5.8  X 
10-8 

10.7  X 
10-8 

164 

431 

39 

20 

26 

22 

12 

19 

16 

from  300°  to  360°  C.  is  composed  of  still  higher  homologs  of  quinoline  and 
of  phenanthridine. 

The  results  of  the  adsorption  tests  with  the  tar-acid  and  tar-base 
fractions  of  the  coal-tar  creosotes  are  presented  in  Table  12,  which  carries 
the  computation  as  far  as  determining  the  average  thickness  of  the 
adsorbed  film. 
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Table  13. — Thickness  of  Adsorbed  Films  of  Tar  Acids  and  Tar  Bases 

from  Coal-tar  Products 


Adsorbent 


Size  of 
Adsorb- 
ent, 
Mesh 


OU 


Concen- 
tration, 
Parts  per 
Million 


Area  of 

Adsorbent 

per  cc. 

of  Oil. 

I    Sq.  Cm. 


Thickness 
of  Adsorbed 

Film, 
Centimeters 


Quartz 

..!      -200 

1 

Whole  tar  bases,  from  International 
creosote. 

150 

550 

0.92  X  10-» 

Quartz 

. .       -200 

Whole  tar  bases,  from  International 

150 

275 

1.34  X  10-' 

1    creosote. 

Quartz 

.  .  '      —  100       Tar  bases  from  International  creosote, 
+  200         fraction  D  (300°-360°  C). 

150 

1 

350 

1.11  X  10-' 

Quartz 

—  100       Tar  bases  from  International  creosote, 
'      +200         fraction  C  (260''-300°  C). 

•       150 

350 

0.83  X  10-' 

Quartz 

—  100       Tar  bases  from  International  creosote, 
+200         fraction  C  (260''-300°  C). 

150 

87 

1.37  X  10-' 

Quartz 

—  200       Tar  bases  from  International  creosote, 
fraction  B  (100°-260°  C). 

150 

825 

0.70  X  10-» 

Galena 

—  200       Whole  tar  acids  from  Lewis  tar. 

1       200 

800 

0.74  X  10-' 

Galena 

-200 

200 

800 

1.05  X  10-' 

Quartz 

.  .       -200 

200 

1095 

0.38  X  10-' 

Galena 

..I     -200 

Tar  acids  from  Lewis  tar. 

200 

267 

2.32  X  10-' 

Quartz 

-200 

fraction  F  (280'-350°  C.) 

200 

1645 

0.42  X  10-' 

Quartz 

.  .  '      -200 

200 

550 

0.  58  X  10-' 

Galena 

. .       -200 

I 

200 

400 

1.07  X  10-' 

Table  14. — Length  of  Molecules  of  Various  Organic  Compounds;  after 

Langmuir 

Length  of  Adsorbed 
Name  of  Substance  Formula  |  ^^.ts'Jf^Ad'Jo^f " 

Film,  in  cm. 


Palmitic  acid C15H31COOH 

Stearic  acid [  C17H35COOH 

Cerotic  acid CasHsiCOOH 


(Ci8H3502)3C3Hs 

C17H33COOH 

(Ci8H3302)3C3H5 


Tristearin 

Oleic  acid 

Triolein 

Trielaidiu (Ci8H3302)3C3H6 

Cetyl  palmitate ,  CUH31COOC16H33 

Mericyl  alcohol I  C30H61OH 


2.4  X  10-^ 

2.5  X  10-^ 
3.1  X  10-^ 
2.5  X  10-T 
1.12  X  10-^ 
1.3  X  10-» 
1.36  X  10^ 
4.1  X  10-^ 
4.1    X  10-^ 


Thickness  of  Adsorbed  Films  on  Solids. — By  the  term,  ''thickness  of 
adsorbed  film"  is  meant  the  quotient  of  the  amount  of  oil  adsorbed 
divided  by  the  area  on  which  it  is  spread.  As  will  be  seen  from  Table  13, 
in  which  the  results  of  Table  12  are  condensed,  as  well  as  from  Table  11, 
this  average  thickness  is  of  the  order  of  10"^  cm.  in  the  case  of  the  material 
tested.  This  result  is  to  be  compared  with  the  thickness  of  complete 
monomolecular  films  as  given  by  Langmuir,^'  from  whose  paper  Table 
14  is  abstracted. 


•^  Constitution  of  Solids  and  Liquids.    Jrd.  Am.  Chem.  Soc.  (Sept.,  1917)  39, 
1865. 
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The  theoretical  thickness  of  a  complete  monomolecular  phenol 
film  can  be  determined  from  the  data  given  on  page  20  as  follows : 

Let  X  =  thickness;  N  =  number  of  molecules  per  gram-molecule; 
M  =  molecular  weight;  p  =  specific  gravity;  and  A  =  area  occupied  by- 
each  molecule.     Then  the  volume  of  the  gram-molecule  is, 

^  =  NXA 
V 

Solving  for  X, 

M  Q4  1 

^  ~  NAp      6.026  X  1023  X  27.9  X  lO-^^  X  1.07  ^ 

For  cresol  X  =  0.63  X  10-^  cm.;  and  for  acetic  acid,  0.39  X  10-^  cm. 

All  of  these  thicknesses  are  of  the  same  order  of  magnitude  and  of  the 
same  order  as  those  in  the  last  column  of  Table  13.  They  indicate  that 
the  adsorbed  films  on  mineral  surfaces  are  monomolecular. 

Table  13  shows  that  the  adsorption  of  the  same  solute  by  different 
minerals  may  be  different  and  that  it  is  generally  greater  at  sulfide 
surfaces  than  at  quartz  surfaces.  In  the  case  of  the  tar  acids  from  Lewis 
tar,  the  adsorption  on  galena  is  from  three  to  four  times  larger  than  it 
is  on  quartz.  This  can  only  be  interpreted  as  meaning  that  the  adsorbed 
film  on  quartz  is  not  complete  but  partial,  whether  the  adsorbed  film  on 
galena  is  complete  or  partial. 

If  the  adsorbed  film  on  galena  is  complete,  the  adsorption  in  this  case 
should  be  irreversible.  The  following  experiment  was  devised  to  test 
the  question  of  irreversibility.  After  adsorbing  a  tar  acid  on  to  two  500- 
gm.  lots  of  galena,  in  the  one  case  below  200  mesh,  in  the  other  between 
200  and  100,  the  solid  was  drained  by  suction  filtration  and  then  placed 
in  a  Janney  laboratory  flotation  machine  with  about  1500  c.c.  of  water  and 
agitated  at  2200  r.p.m.  No  froth  at  all  was  produced.  Yet  the  amount 
of  adsorbed  oil  present  produced  an  appreciable  froth  when  added  anew 
even  without  solid  material  to  enhance  the  viscosity.  This  indicates 
that  adsorption  on  galena  is  not  substantially  reversible. 

The  adsorption  of  tar  bases  by  quartz  (Table  13)  indicates  that  a 
greater  film  thickness,  or,  more  properly,  a  more  nearly  complete  mono- 
molecular film,  is  probably  formed  than  is  the  case  with  tar  acids.  The 
difference  in  the  thickness  of  the  adsorbed  films  of  tar  acids  and  tar 
bases  at  quartz  surfaces  may  be  generalized  into  the  statement  that 
adsorption  of  different  solutes  at  a  given  surface  varies  with  the  solute. 

Conclusions. — The  conclusions  that  can  be  drawn  from  this  study  of 
adsorption  at  solid  surfaces  are : 

1.  Adsorption  of  dissolved  molecules  from  solution  onto  solid 
surfaces  occurs. 

2.  The  adsorbed  film  tends  to  be  monomolecular,  and  may  be  more  or 
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less  complete,  depending  on  the  nature  of  the  adsorbent  and  of  the  solute 
to  be  adsorbed. 

3.  Adsorption  may  be  irreversible. 

4.  Tar  acids  adsorb  to  the  extent  of  a  complete  monomolecular  film 
on  galena,  but  only  as  a  partial  monomolecular  film  on  quartz. 

Orientation  of  Molecules  in  Surface  Films 

Langmuir  and  others  have  shown  that  molecules  are  not  equidimen- 
sional,  but  usually  elongated,  although  they  may  sometimes  be  short  and 
stocky.  For  lack  of  exact  knowledge  concerning  the  molecules  herein 
considered,  they  have  been  assumed,  in  the  calculations  of  this  paper,  to 
be  cubical. 

jMolecules  are  not  homogeneous  throughout  their  body,  inasmuch  as 
different  atoms  or  groups  of  atoms  occupy  different  positions  within  the 
molecule.  These  groups  of  atoms  or  radicals  often  have  fields  of  force 
extending  bej^ond  the  limits  of  the  molecule,  ^^  so  that  their  behavior 
toward  neighboring  molecules  of  similar  or  different  constitution  differs 
according  to  the  atoms  or  radicals  concerned.  It  is,  then,  logically 
conceivable  that,  if  different  parts  of  a  certain  molecule  exert  forces  of 
a  different  magnitude  on  another  molecule,  that  molecule  will  orient 
itself  in  a  definite  way  with  regard  to  its  neighbor. 

In  regard  to  the  orientation  of  molecules  of  a  substance  in  contact  with 
water  molecules  it  is  necessary  to  discriminate  between  polar  radicals  ^' 
{i.e.,  those  that  are  attracted  bj^  water)  and  non-polar  radicals,  which  are 
not  so  attracted.  Examples  of  polar  radicals  are  —OH,  —  COOH, 
=  C0,  =CN,  —  CONH2.  The  radical  -CH3  is  typically  non-polar. 
When  a  molecule  is  in  solution  in  water,  it,  being  surrounded  by  water, 
will  not  tend  to  orient  itself  in  any  given  direction  because  the  pull  of  the 
water  molecules  on  it  is  the  same  in  all  directions.  If,  on  the  other  hand, 
a  molecule  chances  to  come  to  the  surface,  the  polar  end  will  be  drawn 
to  the  water  while  the  non-polar  end  will  tend  to  stick  out.  In  their 
articles  ^*  Messrs.  Harkins,  Davies,  Brown,  Clark  and  King  arrive  at  the 
conclusion  that  at  any  interface  of  two  phases  the  molecules  are  always 
oriented  so  as  to  make  interfacial  potential  energy  a  minimum,  and  this 
includes  the  case  of  a  water  surface  above  considered.  Similar  con- 
clusions are  arrived  at  by  Langmuir  in  his  previously  quoted  paper. 
If  molecules  are  oriented  at  liquid-liquid  and  gas-liquid  interfaces,  it  is 
reasonably  probable  that  molecules  adsorbed  from  solution  onto  solid 
surfaces  are  hkewise  oriented. 


12  W.  D.  Harkins  and  H.  H.  Iving:  Jnl.  Am.  Chem.  Soc.  (1919)  41,  970-992. 
i*W.  D.  Harkins,  F.  E.  Brown,  E.  C.  H.  Davies:  Jnl.  Am.  Chem.  Soc.  (1917) 
39,  354,  541. 

i<W.  D.  Harkins,  F.  E.  Brown,  E.  C.  H.  Davies:  Ibid. 

W.  D.  Harkins,  E.  C.  H.  Davies,  G.  L.  Clark:  lUd.,  p.  541-591. 

W.  D.  Harkins  and  H.  H.  King:  Jnl.  Am.  Chem.  Soc.  (1919)  41,  970-992. 
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At  a  water-air  interface,  molecules  of  a  monomolecular  film  of  oleic 
acid  are  oriented  so  that  the  polar  carboxyl  radical  is  toward  the  water 
and  the  hydrocarbon  chain  toward  the  air.  Similarly  at  an  oleic  acid- 
water  interface,  as  when  a  droplet  of  oleic  acid  is  submerged  in  water, 
the  molecules  of  oleic  acid  are  oriented  so  as  to  have  the  —  COOH  radical 
toward  the  water  and  the  hydrocarbon  chain  toward  the  body  of  the  oleic 
acid.  If,  then,  oleic  acid  is  emulsified  in  water,  each  globule  of  the  acid 
will  have  a  surface  layer  composed  of  molecules  oriented  with  the  carboxyl 
radical  toward  the  water,  and  gas  should  not,  therefore,  precipitate  from 
solution  in  the  water  on  to  such  oil  globules.  This  agrees  with  experi- 
mental results.  Adding  mineral  particles  to  such  an  emulsion  will  bring 
solid  particles  in  contact  with  the  oil  globules  and  these  globules,  if  small 
enough,  may  be  insufficient  to  coat  the  surface  of  the  mineral  with  a 
film  more  than  one  molecule  thick.  Such  an  oil  globule  approaches  the 
solid  with  the  carboxyl  end  of  its  molecules  toward  the  solid.  One 
should,  therefore,  expect  this  end  of  the  molecules  to  be  the  one  to  come 
in  contact  with  the  mineral,  unless  the  molecules  turn  around  at  the 
instant  of  contact;  that  is,  after  coating,  the  molecules  should  present 
the  paraffin  end  to  the  water.  If  this  is  the  case,  such  a  surface  should  be 
especially  favorable  for  gas  precipitation.  Such  an  expectation  is 
confirmed  by  experiment.  A  more  convincing  proof  is  furnished  by  the 
following  test,  which  was  carried  out  for  one  of  the  writers  by  Doctor 
Langmuir:  First  a  perfectly  clean  burnt  platinum  plate  was  brought 
down  through  a  monomolecular  film  of  oleic  acid  on  water  into  water 
supersaturated  with  gas;  no  gas  precipitated  on  the  platinum.  Next, 
the  cleaned  plate  was  placed  in  water,  a  monomolecular  film  of  oleic  acid 
was  produced  on  the  water  surface,  and  the  plate  was  drawn  out  through 
the  surface;  the  plate  was  allowed  to  drain  to  apparent  dryness,  and  was 
then  re-immersed  in  clean  supersaturated  water,  when  gas  precipitation 
occurred.  This  test  indicates  clearly  that  in  the  first  case  the  passage  of 
the  platinum  through  the  oleic-acid  film  did  not  produce  contamination 
of  the  metal  surface,  while  in  the  second  case  it  did.  In  the  first  case  the 
paraffin  end  of  the  acid  molecules  was  presented  to  the  plate;  in  the 
second  case  the  carboxyl  end.  The  conclusion  would  seem  to  be  that, 
in  the  case  of  this  particular  metallic  surface  at  least,  there  was  distinct 
orientation  of  the  molecules  forming  the  film  coating,  and  that  the 
orientation  resulted  in  the  formation  of  a  parafiin  surface. 

Air  bubbles  in  an  oleic  acid-water  emulsion  become  coated  by  oleic- 
acid  molecules  having  the  carboxyl  radical  toward  the  water  and  the 
parafiin  radical  toward  the  air. 

Reasoning  by  analogy  it  would  seem  that  a  galena  particle  in  a  dilute 
solution  of  phenol  should  appear  as  shown  in  Fig.  28;  that  is,  with  the 
polar  end  of  the  adsorbed  phenol  molecules  directed  toward  the  galena. 
As  such  a  particle  approaches  an  air  surface,  the  non-polar  ends  of  the 
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phenol  molecules  adsorbed  on  the  galena  are  oriented  toward  the  air,  just 
as  the  non-polar  ends  of  phenol  molecules  adsorbed  at  an  air-solution 
interface  are  oriented  toward  the  air.  When  the  galena  particle  reaches 
the  air  surface,  it  will  tend  to  become  interfacial  because  of  its  adsorbed 
phenol  molecules,  such  movement  resulting  in  a  reduction  of  the  total 
surface  energy  of  the  system  (see  Fig.  29). 

There  is  no  reason  to  expect  the  adsorbed  molecules  at  the  surface  of  a 
quartz  particle  to  be  oriented  differently  from  those  at  the  surface  of  a 
galena  particle.  In  fact,  evidence  exists  that  quartz  floats,  although 
much  less  readily  than  galena,  indicating  that  there  is  a  difference  of 
degree  only  between  these  minerals,  insofar  as  surface  energy  is  con- 
cerned. Accepting  the  orientation  of  the  adsorbed  molecules  on  quartz 
to  be  the  same  as  on  galena,  the  difference  in  completeness  of  the  film  on 
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galena  and  quartz  must  cause  a  difference  in  the  adherence  to  bubble 
films.  Quartz  showing  an  adsorbed  film  less  complete  than  that  on 
galena  should  and  does  show  less  tendency  to  adhere  to  air  bubbles. 
Thus,  because  of  adsorption  of  oil  at  the  mineral  surfaces,  adherence  to 
air  surfaces  already  existent  takes  place,  and  tendency  to  develop  new 
gas  surfaces  appears;  that  is,  adsorption  of  flotation  oils  at  mineral 
surfaces  enhances  gas  precipitation.  These  properties  are  exhibited  in 
different  degrees  by  sulfides  and  gangue  minerals  as,  for  instance, 
galena  and  quartz  in  the  presence  of  phenol. 

A  phenomenon  illustrative  of  this  fact  is  observed  in  the  bubble 
column  of  a  pneumatic  flotation  cell  where  gangue  particles  can  be  seen 
to  drain  readily  between  the  air  bubbles,  while  the  sulfide  particles  drain 
much  more  slowly  and  show  a  decided  tendency  to  linger  at  the  air- 
liquid  interfaces.  This  differential  draining  of  the  particles  is  what 
causes  concentration  of  the  more  floatable  (sulfide)  minerals  at  the  top 
of  the  froth.^5    In  machines  of  the  pulp-body  type,^^  the  effect  of  adsorp- 

^^A.  F.  Taggart:  "Manual  of  Flotation  Processes."    John  Wiley  and  Sons,  Inc 
1921,^7-9. 
IS  Ibid.,^3-7. 
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tion  is  manifested  by  selective  gas  precipitation  on  the  minerals  having 
more  complete  adsorbed  films,  and  results  in  forming  aggregates  or 
clusters  of  these  minerals  around  small  gas  bubbles. 

Relation  of  Surface  Tension  to  Flotation 

If  great  care  is  taken  in  placing  a  fragment  of  mineral  heavier  than 
water  on  an  air-water  surface,  it  will  float,  if  small  enough.  By  placing 
dry,  unoiled  mineral  upon  a  glass  dome  (1-in.  diameter)  surrounded  by 
water,  the  top  of  the  dome  being  about  ]/i  in.  above  the  water  surface, 
the  mineral  can  be  caused  to  slide  gently  over  the  surface  of  the  dome 
onto  the  surface  of  the  water,  and  will  either  float  or  sink.  Table  15 
gives  the  results  of  such  an  experiment  with  galena;  from  this  table,  it 
appears  that  there  is  a  critical  size  in  the  neighborhood  of  1.17  mm. 

Table  15. — Size  of  Galena  Grains  in  Skin  Flotation 

Grain  Size,  Millimeters 


Passes  Screen, 
Millimeter  Aperture 

Stays  on  Screen, 
Millimeter  Aperture 

Per  Cent.  Floated 

2.36 

1.65 

0 

1.65 

1.17 

1 

1.17 

0.83 

85-90 

0.83 

0.59 

100 

The  results  in  Table  15  are  obtainable  only  when  great  care  is  taken 
in  bringing  the  particles  to  the  water  surface.  If  any  material  agitation 
occurs.,  it  is  not  possible  to  float  any  solid  on  pure  water.  When,  on  the 
other  hand,  a  reagent  is  added  to  the  water  and  is  dissolved  in  it,  it 
adsorbs  either  positively  (in  the  surface),  as  cresol,  or  negatively  (away 
from  the  surface),  as  common  salt,  and  creates  a  difference  between 
the  surface  tension  of  the  liquid  and  the  surface  tension  that  the  liquid 
would  have  if  it  could  present  a  surface  with  the  concentration  present  in 
the  bulk.  The  latter  surface  tension  is  always  the  higher.  This  is  the 
condition  that  promotes  frothing  and  is  also  what  causes  froth  flotation. 
If  a  mineral  particle  is  introduced  at  the  air-liquid  interface  of  a  solution, 
when  the  particle,  due  to  the  pull  of  gravity,  extends  the  surface  film,  it 
creates  a  certain  area  of  new  surface  having  a  tension  nearer  the  hypothet- 
ical bulk  surface  tension  than  is  the  original,  and  always  higher.  This 
counteracts  the  pull  of  the  mineral  particle  so  that  the  fihn  supports  it. 
This  equihbrium  condition  is  stable  as  contrasted  with  the  unstable 
equilibrium  of  the  mineral  in  the  case  of  flotation  with  pure  hquid. 
There  seems  to  be  a  definite  relation  between  the  maximum  size  of 
mineral  that  can  be  floated  and  the  difference  in  surface  tension  between 
the  bulk  surface  tension  and  the  actual  surface  tension.     This  difference 
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is,  in  dilute  solutions,  practically  equal  to*  the  depression  in  surface 
tension  A  below  that  of  pure  water. 

The  following  series  of  flotation  tests  on  sized  and  unsized  porphyry 
copper  ore  was  made  in  a  Janney  laboratory  machine  with  tar-acid 
fractions  from  coal-tar  oils  as  the  sole  reagents,  in  an  attempt  to  quantify 
A.  The  amounts  of  oil  varied  from  0.20  to  0.40  lb.  per  ton  of  ore  in  the 
case  of  the  fractions  from  Barrett  No.  4,  and  from  0.19  to  0.48  lb.  per  ton 
for  the  fractions  from  Lewis  tar.  Similar  tests  were  carried  on  with 
cresol,  U.S. P.,  for  comparison. 

The  results  for  the  unsized  feed  are  condensed  in  Table  16.  The 
data  show  that: 

Table  16. — Results  of  Treatment  of  Unsized  Porphyry  Copper  Ore  with 
Tar-acid  Fractions  of  Coal-tar  Products 


Pounds  per  Ton 

Pounds  per  Ton 

Reagent 

0. 19      0. 29 

0.37 

0.48 

0.19 

0.29         0.37        0.48 

Recovery,  Per  Cent. 

Grade  of  Concentrate,  Per  Cent. 
Cu 

Tar  acids  from  Lewis  tar: 

Fraction  B  (1150-205°  C.) 38.  3      41.  7 

Fraction  C  (205°-215°  C.) 54. 0 

Fraction  D  (215°-225°  C.) 47.  6      66.4 

Fraction  E  (225°-280°  C. ) 59. 1      78.  4 

Fraction  F  (tarry)  (280°-350°  C.)                  41.9 

(Heated) 
72.1 

55.9    14.12 

1 

10.10 
83.6      8.89 

7.98 
7.72 
6.30 
8.58 
9.04 

i 
6.04 

4.72 
(Heated)  i 
18.18 

Tar  acids  from  Barrett  No.  4: 

Fraction  A  (170''-200°  C.) 31. 1                       64. 9 

Fraction  B  (200°-205°  C.) 38.  8                      74. 0 

Fraction  C  (205"'-215°  C.) 52.  4  |                    75. 0 

Fraction  D  (215°-230°C.) 56.3                       80.8 

18.00 

16.37 

7.14 

7.81 

7.80 
7.60 
6.02 

6.58     ' 

Ore:  Disseminated,  primary  copper  sulfide;  all  passes  48  mesh,  72.2  per  cent    passes  200  mesh 
Assay,  1.8  per  cent,  copper. 


!  per  cent,  copper, 

1.  The  higher  the  boiling  point  of  the  tar  acid,  and  therefore  the 
higher  its  place  in  the  homologous  series  and  the  less  its  solubility,  the 
greater  the  recovery,  and,  in  general,  the  lower  the  grade  of  concentrate. 

2.  The  greater  the  proportion  of  oil  to  ore  (within  the  limits  chosen), 
the  greater  the  recovery  and  the  lower  the  grade  of  concentrate. 

3.  The  higher  the  recovery,  the  less  the  change  in  recovery  for  a  given 
change  in  amount  or  quality  of  the  oil. 

The  results  for  the  sized  feed  are  condensed  in  Table  17;  from  these 
data  the  following  further  conclusions  are  justified: 

4.  The  finer  the  ore,  the  greater  the  recovery  for  a  given  proportion 
of  oil  to  ore  and  a  given  quality  of  oil. 

5.  By  increasing  the  proportion  of  oil  to  ore,  with  material  too  coarse 
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Table  17. — ReauUs  of  Treaitncnl  of  Sized  Porphyry    Copper  Ore  with 
Tar-acid  Fractions  of  Coal-tar   Creosotes 


Reagent,  Name 


Size  of  Feed,  Mesh 


Size  of  Feed,  Mesh 


Lb. 

per 

Ton  of 

Ore 


-100, 
+  150 


-150, 
+200 


-200       -100,  I  -150,      -200 
+  150      +200 


Grade  of  Concentrate 


Recovery 


Tar  acids  from  Lewis  tar: 

Fraction  B  (115°-205°  C.) f  0.  29 

\  I  1.16" 

Fraction  C  (205°-215°  C.) 0. 29 

Fraction  D  (215°-22o°  C.) [  0.29 

Fraction  E  (225°-280°  C.) f  I  0. 29 

t  1  0.87« 

Tar  acids  from  Barrett  No.  4: 

Fraction  A  (170°-200°  C.) 0.  37 

Fraction  B  (200''-205°  C. ) 0.  37 

Fraction  C  (205°-215°  C.) !  0.  37 

Fraction  D  (215°-230°  C.) f  0.  37 

\  1.14« 

Cresol,  U.  S.  P 0.  37 


10.35 
4.03 


12.90 
20.00 


21.37 
10.67 


27.33 
22.84 


6.74 

6.17 
5.97 
6.48 


1.7 
14.2 


10.2 
69.0 


10.4 
35.0 


47.9 
86.6 


84.4 

88.6 
90.2 
89.0 


8.21 
15.32 


6.53 
6.07 
5.82 
4.64 

6.33 


15.5 
55.2 


91.4 
95.0 
94.1 
93.4 

92.4 


"  A  sufficient  further  amount  of  the  same  reagent  was  added  to  make  this  total  and  a  second  10" 
min.  run  made.  Grade  of  concentrate  and  recovery  set  against  this  amount  are  total  for  the  two  10- 
min.  runs.     Feed,  a  disseminated,  primary  copper-sulfide  ore,  assaying  1.8  per  cent,  copper. 

to  give  a  good  recovery  with  the  smaller  amount  of  oil,  a  much  better 
recovery  can  be  obtained. 

6.  The  less  soluble  members  of  the  tar-acid  series,  which  are,  for  a 
given  weight,  the  more  powerful  frothers,  are  most  suitable  for  the 
recovery  of  coarse  mineral  and  improve  the  recovery  of  fine  mineral  to  a 
small,  but  distinct,  extent. 

The  higher  the  boihng  point  of  a  tar  acid,  the  less  soluble  it  is  and, 
therefore,  the  greater  its  effect  on  surface  tension  for  a  given  amount 
of  oil  (see  Table  1  for  the  products  of  Barrett  No.  4) ;  i.e.,  the  larger  the 
surface-tension  depression  A.  Bearing  this  fact  in  mind,  conclusion  1 
may  be  restated  in  terms  of  A  as  follows : 

1.  The  greater  A,  the  greater  the  recovery  and  the  lower  the  grade 
of  concentrate. 

Increasing  the  proportion  of  oil  means  a  proportional  increase  in  A; 
hence  conclusion  2  above  becomes  like  conclusion  1. 

2.  The  greater  A,  the  higher  the  recovery  and  the  lower  the  grade 
of  concentrate. 

The  third  conclusion  may  be  stated  as  follows: 

3.  The  more  nearly  perfect  the  recovery,  the  smaller  the  change  for 
a  given  change  in  A. 

The  fourth  conclusion  becomes: 
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4.  For  a  giveii  A,  the  finer  the  ore  the  greater  the  recovery. 
The  fifth  becomes: 

5.  Sufficient  increase  in  A  with  a  given  ore  will  render  floatable  material 
previously  too  coarse  to  float. 

Finally,  conclusion  6  becomes: 

6.  A  must  be  large  for  the  recovery  of  coarse  material  and  an  increase  in 
A  improves  the  recovery  of  fine  material.  Recovery  is,  therefore,  depend- 
ent on  the  magnitude  of  A  and  the  size  of  the  ore.  Grade  of  concentrate 
varies  in  reverse  fashion  to  the  recovery,  indicating  that  as  A  increases  or 
size  of  ore  dminishes,  the  proportion  of  gangue  floated  increases. 
Increase    in  A  makes  floatable  the  previously  non-floatable  gangue. 

In  order  to  establish  a  relation  between  size  of  ore  and  A,  it  is  first 
necessary  to  know  how  much  oil  is  removed  from  solution  by  adsorption 
on  the  mineral  surfaces,  and  how  much  is  lost  by  dilution  and  evaporation. 
For  the  purpose  of  the  following  calculation  on  this  head  it  is  assumed, 
based  on  data  already  presented,  that  oil  is  adsorbed  on  sulfides  to  the 
extent  of  a  full  film  10~^  cm.  deep  and  on  the  gangue  to  one-third  the  same 
extent,  and  that  the  ore  is  composed  of  6  per  cent,  of  sulfides  and  94  per 
cent,  of  gangue  by  weight.  In  500  gm.  of  ore  there  are,  then,  30  gm.  of 
sulfide  (chalcocite)  and  470  gm.  of  gangue  (quartz).  With  material 
finer  than  200  mesh  (0.074  mm.)  there  will  be  removed  by  adsorption 
(using  Table  7):  (370  X  30  X  10-^  +  (1095  X  470  X  M  X  lO"')  = 
0.018  gm.  of  solute.  The  amount  of  oil  adsorbed  by  sized  ore  of  the  same 
composition  as  the  ore  of  the  above  illustrations,  and  the  amounts  of  oil 
available  to  affect  surface  tension  when  two  and  four  drops  of  tar  acids  are 
added,  are  presented  in  Table  18.  The  amount  of  water  added  to  the  Jan- 
ney  laboratory  machine  at  the  beginning  of  the  flotation  tests  is  about  1800 
c.c.  The  concentration  of  the  oil  in  the  water  after  adsorption  has  taken 
place  is,  therefore,  about  43  to  50  parts  per  million  when  adding  four 
drops  of  oil.  This  presupposes  that  all  of  the  oil  has  dissolved  and  that 
the  amount  which  evaporates  can  be  neglected.  As  the  test  advances, 
oil  is  removed  selectively  in  the  froth  and  the  pulp  in  the  cell  is  further 
diluted.  The  concentration  of  the  oil  thus  decreases  rapidly  from  the 
original  43  to  50  parts  per  million  to,  perhaps,  less  than  5  parts  per 
million  when  the  test  ends. 

The  data  relative  to  A  have  been  obtained  for  concentrations  greater 
than  44  parts  per  million,  because  with  solutions  as  dilute  as  this,  A  is 
very  small,  and  its  determination  difficult.  The  results  in  Table  19  are 
calculated  from  the  experimental  results  by  interpolation. 

From  the  data  in  Tables  17,  18  and  19,  the  relation  between  size  of 
ore  particle  and  A  seems  to  be  of  the  type  a  =  iTA*",  where  m  <  1,  probably 
about  }/2j  ^  is  the  diameter  of  particle  and  K  and  m  are  constants  for  a 
given  set  of  conditions.  K  and  m  will  vary  with  the  kind  of  solute,  the 
kind  of  mineral,  the  viscosity  of  surface  films  of  the  liquid,  the  bunching  of 
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Table    18. — Amounts  of  Oil  Adsorbed  and  Remaining  in  Solution  in 
Flotation  Tests  on  a  Copper  Ore 


Size  of 

Ore 

Amount  of  Oil 

Adsorbed  by 

500  Cm.  of 

Adsorbent, 

Grams 

Amount  of  Oil  Available 
after  Adsorption 

Passes 

Stays  on 

Four  Drops 

Added 
(0.096  Gm.) 

Two  Drops 

Added 
(0.048  Gm.) 

0.074  mm. 
(200  mesh) 

0.018 

0.078 

0.030 

0.104  mm. 
(150  mesh) 

0.074  mm. 
(200  mesh) 

0.007 

0.089 

0.041 

0.147  mm. 
(100  mesh) 

0.104  mm. 
(150  mesh) 

0.005 

0.091 

0.043 

Unsized  ore 

0.016 

0.080 

0.032 

Table  19. — Surface  Tension  Depression  A  in  Laboratory  Agitation-froth 
Tests  on  Porphyry  Copper  Ore 


Reagent 

Concentration, 
Parts  per 
Million 

A: 

Corresponding 

Depression  in 

Surface  Tension 

Computed  A  for 

Concentration 

of  44  Parts 

per  Million, 

Dynes  per  Cm. 

1 
Cresol,  U.  S.  P 1250                   7.0 

0.24 

Tar  acids  from  Barrett  No.  4: 

Fraction  A  (170°-200°  C.) 

Fraction  B  (200°-205°  C.) 

Fraction  C  (205°-215°  C.) 

Fraction  D  (215°-230°  C.) 

100         1          0.4 
100                   0.6 
100                   1.9 
100                   1.8 

0.17 
0.26 
0.84 
0.78 

Tar  acids  from  International  creosote: 

Fraction  C  (205°-215°  C.) 

Fraction  D  (215°-225°  C.) 

Fraction  E  (225°-260°  C.) 

150                   1.7 
150                   1.4 
150                   4.3 

0.58 
0.48 
1.46 

particles  so  as  to  form  flocks,  and  the  thickness  of  the  bubble  films. 
They  probably  change  little,  however,  for  solutes  forming  an  homologous 
series,  such  as  the  tar  acids  on  which  the  tests  described  above  were 
carried  out.  Presence  of  very  fine  material  together  with  coarser  particles 
may  change  the  viscosity  of  the  surface  film,  so  as  to  float  otherwise 
non-floatable  coarse  particles. 

Summary 

1.  A  form  of  apparatus  for  the  measurement  of  surface  tension  at 
gas-liquid  interfaces  by  the  Wilhelmy  method  is  described. 

2.  A  number  of  surface-tension  tests  are  presented  which  lead  to 
the  following  conclusions : 
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(a)  The  members  of  an  homologous  series  depress  the  surface  tension 
of  water  in  amounts  that  increase  as  the  molecular  weight  increases  and 
the  solubility  decreases. 

(&)  The  concentration  of  solute  and  surface  tension  of  the  solution 
bear  a  linear  relation  in  dilute  solutions ;  they  vary  according  to  a  loga- 
rithmic law  in  concentrated  solutions;  in  solutions  of  intermediate 
concentration,  the  law  of  variation  is  variable  and  intermediate  between 
the  other  two. 

(c)  The  depression  of  surface  tension  due  to  the  simultaneous  addition 
of  two  or  more  solutes  that  are  members  of  an  homologous  series  is,  in  the 
main,  the  sirna  of  the  depressions  caused  by  the  individuals  when  present 
separately.  This  additive  rule  does  not,  necessarily,  apply  when  the 
added  substances  are  not  chemical  homologs. 

(d)  The  addition  to  water  of  a  substance  (oil)  insoluble  therein  has  no 
effect  on  the  surface  tension  of  the  water. 

(e)  The  simultaneous  addition  to  water  of  a  substance  (oil)  insoluble 
therein  and  of  another  substance  (oil)  soluble  in  the  water  but  not  soluble 
in  the  first  substance,  produces  only  the  effect  on  the  surface  tension  of 
the  water  that  would  have  been  produced  bj^  the  addition  of  the  second 
substance  alone. 

(/)  The  simultaneous  addition  to  water  of  a  substance  (oil)  insoluble 
therein  and  of  another  substance  (oil)  soluble  both  in  the  water  and  in  the 
first  substance,  produces  an  effect  on  the  surface  tension  of  the  water  less 
than  that  which  would  have  been  produced  by  the  addition  of  the  second 
substance  alone.  Surface  tension-concentration  curves  for  this  type  of 
mixtures  change  with  concentration  from  convex  to  concave,  indicating 
progressive  increase  in  extraction  of  solute  by  the  water. 

(g)  Oleic  acid  has  but  sHght  effect  on  the  surface  tension  of  water  until 
the  amount  present  is  sufficient  to  and  does  form  a  monomolecular  film. 
Beyond  this  point,  surface  tension  drops  rapidly  until  an  amount  of  acid 
equivalent  to  a  film  about  two-and-a-half  molecules  deep  is  reached, 
when  another  change  occurs  and  further  addition  produces  again  but 
slight  effect. 

(h)  Oleic  acid  is  a  limiting  case  in  the  series  of  soluble  substances 
affecting  surface  tension. 

3.  The  relation  between  the  solubility  of  an  oil  with  its  consequent 
effect  on  the  surface  tension  of  water  and  its  effect  on  frothing  is  found 
to  be  as  follows : 

(a)  The  addition  to  water  of  an  oil  insoluble  therein  has  no  effect 
on  the  frothing  power  of  the  water. 

(6)  The  effect  of  the  addition  of  members  of  an  homologous  series 
on  the  frothing  power  of  the  resultant  water  solution  increases  as  the 
solubility  of  the  member  decreases. 

(c)  Maximum  frothng  effect  occurs  with  the  addition  of  amounts  of 
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solute  about  one-half  of  that  required  to  saturate  the  solution.  The 
point  of  maximum  frothing  is  that  at  which  the  difference  between  the 
static  and  dynamic  surface  tensions  of  the  solution  is  greatest. 

(d)  Emulsions  in  water,  in  which  no  water  solute  is  present, 
do  not  froth. 

(e)  Emulsions  of  oil  in  water,  consisting  in  part  of  mechanically 
dispersed  oil  and  in  part  of  dissolved  oil,  froth  less  than  does  a  solution 
containing  an  equal  amount  of  solute  alone. 

(/)  The  undissolved  oil  of  an  emulsion  acts  as  a  reservoir  for  soluble 
oil  so  that  the  frothing  power  of  the  emulsion  is  not  diminished  as  greatly 
by  dilution  with  water  as  would  be  expected  were  the  solute  present  alone. 

4.  Methods  of  making  adsorption  tests  are  described  and  results  of 
adsorption  tests  are  presented  that  lead  to  the  following  conclusions: 

(a)  At  saturation,  the  concentration  of  a  positively  adsorbed  sub- 
stance at  the  gas-liquid  interface  of  a  solution  is  that  of  a  complete 
monomolecular  film. 

(b)  The  extent  of  adsorption  of  solute  increases  with  the  concentra- 
tion at  a  decreasing  rate;  this  extent  is  greater  the  less  the  solubility  of 
the  solute. 

(c)  An  oil  insoluble  in  water,  when  present  alone  therein,  will  not 
adsorb  at  a  water-air  interface. 

(d)  Distinct  concentration  of  soluble  oil  takes  place  in  the  froth  in  a 
flotation  machine,  with  corresponding  impoverishment  of  the  water  in 
the  machine. 

(e)  Adsorption  of  flotation  oils  at  solid  surfaces  from  emulsions  is  not 
capable  of  measurement  by  the  method  employed. 

(/)  Soluble  oils  adsorb  at  solid  surfaces  in  amounts  of  the  order  of 
monomolecular  films.  The  adsorption  is,  in  general,  greater  by  two  to 
three  times  at  sulfide  surfaces  than  at  gangue  surfaces. 

(g)  Adsorption  of  flotation  oils  from  water  solution  at  sulfide  surfaces 
is  an  irreversible  phenomenon. 

(h)  The  amount  of  adsorption  of  different  solutes  at  a  given  surface 
varies  with  the  solute. 

(i)  Molecules  in  adsorbed  films  are  definitely  oriented  with  respect  to 
the  adsorbing  surface.  In  the  case  of  flotation  oils  the  orientation  is 
probably  generally  such  that  the  hydrocarbon  end  of  the  molecule  is 
away  from  the  solid  at  solid-water  interfaces,  and  away  from  the  water  at 
air-water  and  bulk  oil-water  interfaces. 

0)  Selection  of  sulfide  from  gangue  in  flotation  takes  place  by  reason 
of  the  differential  adsorption  of  flotation  oils  at  sulfide  and  gangue 
surfaces.  The  difference  in  behavior  of  the  coated  and  uncoated  solid 
particles  toward  air  takes  place  by  reason  of  the  orientation  of  the 
molecules  in  the  adsorbed  film. 

(k)  The  difference  in  adsorbing  power  of  sulfide  and  gangue  minerals 
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is  one  of  degree  onl}^  and  varies  with  different  solutes;  hence  by  proper 
regulation  of  conditions,  variations  in  difference  in  flotability  between  the 
two  can  be  controlled. 

5.  A  relation  between  surface-tension  depression  and  size  of  mineral 
grain  that  can  be  floated  is  established  in  a  particular  case  and  a  general 
relation  of  the  type  a  =  i^A™  is  indicated,  where  a  represents  the  maxi- 
mum size  of  grain  in  the  ore,  K  and  m  are  constants  for  any  given  ore  and 
reagent,  and  A  is  the  surface-tension  depression.  The  number  m  has  a 
value  near  3^.  K  and,  to  a  lesser  extent,  w  depend  on  such  factors  as 
kind  of  mineral,  specific  gravity  of  solid,  kind  of  solute,  thickness  of 
bubble  walls,  size  of  bubbles,  and  viscosity  of  bubble  films. 

6.  Relations  between  depression  of  surface  tension  and  metallurgical 
results  of  a  flotation  operation  are  found  to  exist  as  follows : 

(a)  The  larger  the  surface-tension  depression  at  the  beginning  of  a 
flotation  operation,  the  greater  the  recovery  and  the  poorer  the  grade 
of  concentrate. 

(h)  The  higher  the  recovery,  the  greater  the  possible  change  in 
surface-tension  depression  without  resulting  change  in  recovery, 
r      (c)  The  finer  the  ore,  the  less  the  necessary  depression  in  surface 
tension  in  order  to  effect  a  given  recovery. 

DISCUSSION 

R.  C.  Canby,  Walhngford,  Conn,  (written  discussion). — This  paper, 
from  a  casual  turning  over  of  its  pages,  might  seem  to  be  so  purely  mathe- 
matical or  so  highly  technical  that  it  will  be  put  aside  for  further  study. 
The  reader  would  thus  fail  to  glean  from  its  summary  some  important 
facts  that  from  the  title  one  might  not  expect  the  paper  would  contain. 

While  the  authors  do  not  so  state,  the  work  upon  which  the  paper  is 
based  was  largely  done  in  connection  with  the  flotation  Htigation,  then 
in  progress,  in  an  effort  to  ascertain  the  underlying  principles  of  flotation. 

Many  of  the  facts  elicited  are  of  broadly  practical  apphcation  sug- 
gesting valuable  economic  results  which  were  not  uppermost  in  mind  in 
making  the  apparently  purely  theoretical  bases  of  the  experiments. 
Conclusion  5,  for  example,  suggests  that  by  a  more  accurate  understand- 
ing of  the  surface-tension  depression  values  of  available  frothing  agents, 
and  making  the  most  suitable  selection  therefrom,  one  might  attain  im- 
proved results  which  would  otherwise  have  appeared  possible  only 
through  a  remodeling  of  the  crushing  plant. 

Personally,  I  cannot  but  regret  that  the  facts  of  this  paper,  together 
with  many  other  facts  so  well  demonstrated  by  Professor  Taggart  and 
his  assistants,  which  because  of  the  settlement  of  the  flotation  litigation, 
for  which  this  work  was  done,  have  become  largely  academic,  could  not 
have  found  the  use  for  which  they  were  intended.     For  example,  conclu- 
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siou  2  (d)  in  the  suimuary:  "The  addition  to  water  of  a  substance  (oil) 
insohible  therein  has  no  effect  on  the  surface  tension  of  the  water/' 
challenges  the  validity  of  the  so-called  "soluble  frothing  agent"  patent. 

A.  W.  Fahrenwald,  Moscow,  Ida.  (written  discussion*). — As 
possibly  the  pioneer  in  the  application  of  surface-tension  and  adsorption 
measurements  to  flotation,  I  was  greatly  interested  in  this  paper  and  am 
glad  to  find  in  it  much  that  confirms  my  own  earUer  work.^^ 

Quite  unintentionally,  I  am  sure,  the  authors,  while  crediting  me  with 
the  development  of  the  surface-tension  apparatus  that  they  used  and 
have  called  it  the  "Fahrenwald  apparatus,"  speak  of  it  as  a  modification 
of  Wilhelmy's  method.  Wilhelmy's  method  consisted  in  weighing  a 
frame  of  given  dimensions  when  suspended,  from  a  balance,  a  given  dis- 
tance in  the  liquid  to  be  tested;  so  mine  is  no  more  a  modification  of  it 
than  of  the  sphere-segment  method  used  by  Ferguson,  neither  of  which 
measure  the  tension  in  a  film  and  the  balance  used  was  either  an  analytical 
or  a  Jolly.  Wilhelmy's  method,  like  all  others  of  similar  principle,  has 
serious  objections  to  its  use. 

The  authors  modified  my  machine  by  using  a  smaller  pulley  wheel  and 
claim  that  with  the  large  wheel  there  is  too  much  jarring  of  the  apparatus 
when  the  film  is  being  drawn  out,  because  of  the  relatively  larger  vertical 
movement  of  the  crystallization  dish  in  the  case  of  the  large  wheel;  this 
objection  is  of  importance  only  in  the  case  of  a  flimsy  poorly  designed 
instrument.  The  writer  has  long  used  an  instrument  in  which  the  stand 
supporting  the  crystallization  dish  and  the  mechanism  for  raising  and 
lowering  it  is  entirely  separate  from  the  balance.  They  claim  also  that 
greater  sensitivity  is  gained  by  the  use  of  a  small  counter- weighted  "pulley. 
In  my  first  work  a  counterweight  was  tried,  but  proved  unsatisfactory 
because  the  momentum  of  the  rather  heavy  counterweight  and  swinging 
member  gave  it  a  tendency  to  swing  through  the  film,  or  to  rupture  it,  also 
because  of  the  slowness  with  which  the  needle  pointer  came  to  rest  and 
a  lack  of  stability  in  general.  They  also  claim  that  more  accurate 
results  can  be  obtained  by  weighing  the  pull  of  the  film  each  time  than  by 
reading  from  a  graduated  dial,  which  they  do  by  marking  the  stopping 
point  of  the  needle  on  the  dial  and,  after  drying  the  knife  edge,  bringing 
it  back  to  this  point  by  proper  weights.  Such  a  procedure  seems  a  bit 
awkward  and  time  consuming,  as  well  as  open  to  error.  The  authors  do 
not  state  the  width  of  edge  used  to  engage  the  liquid  and  to  which  the 
film  is  attached.  If  the  knife  edge  is  of  appreciable  thickness,  results 
would  be  higher  than  the  theoretical  value  by  an  amount  equal  to  the 
weight  of  liquid  driven  from  the  plate  when  drying  it  and  the  error 
would  be  in  relation  to  the  width  of  the  plate  used. 

*  Published  by  permission  of  the  Director  of  the  TJ.  S.  Bureau  of  Mines. 
"  Min.  Sd.  Press  (Aug.  13,  1921)  123,  227-234. 
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The  small  pulley  is  a  distinct  disadvantage  as  slight  irregularities  in 
the  design  of  the  turning  member  reflect  greater  differences  in  the  dis- 
placement of  the  swinging  pointer  than  they  would  with  a  larger  pulley. 

In  addition,  the  method  of  correcting  for  the  capillary  pull  of  the  hquid 
on  the  horns  of  the  knife  edge  seems  open  to  possible  error.  The  method 
presupposes  the  existence  of  a  zero  contact  angle  of  the  liquid  against  the 
metal  plate  for  all  measurements  and  at  all  times;  this  will  hardly  be  the 
case.  The  contact  angle,  if  it  varies  from  zero,  would  affect  the  5.5  per 
cent,  of  the  total  pull  of  the  knife  edge,  which  is  the  figure  given  by  the 
authors  for  the  "prong  pull."  For  pure  water  against  a  perfectly  clean 
metal  plate,  the  contact  angle  is  no  doubt  zero;  but  on  oily  films  it  is 
hard  to  say  what  this  angle  would  be. 

The  authors  mention  0.2  dyne  per  cm.  as  the  limit  of  accuracy  for  the 
modified  apparatus  used  by  them;  I  have  narrowed  this  limit  to  0.1 
dyne  per  cm. 

Under  the  heading  Cleaning  the  Apparatus  the  authors  say :  "Early 
work  showed  that  the  surface  tension  of  every  preparation  dwindled 
appreciably,  often  several  dynes,  with  lapse  of  time"  and  that  this  dwind- 
ling was  ehminated  by  cleaning  the  knife  edge,  after  every  dip  in  any 
solution  or  emulsion,  by  immersing  it  first  in  acetone  and  then  in  ether. 
This  dwindhng  habit  of  emulsions  and  other  preparations,  with  time,  was 
one  of  the  greatest  disturbing  factors  in  our  early  work.  We  were 
unable  to  cope  with  it  by  simply  cleaning  the  knife  edge  between  measure- 
ments, although  the  method  of  cleaning  the  plate  used  by  the  authors 
was  not  tried. 

The  reason  for  the  dwindhng  is  as  follows :  All  substances  that  lower 
the  surface  tension  of  water  tend  to  concentrate  in  its  surface;  i.e.,  there  is 
adsorption  of  the  solute  in  the  water  surface.  The  surface-concentration 
process  is  not  an  instantaneous  one;  for  as  the  solute  concentrates  in  the 
surface,  the  Uquid  layers  immediately  contiguous  to  the  surface  become 
less  concentrated  in  the  surface-tension  lowering  constituent  and  thus 
retard  the  rate  at  which  the  solute  goes  into  the  surface.  The  surface 
tension  continues  to  decrease  slowly  until  the  solute  is  uniformly  dis- 
tributed through  the  bulk  of  the  solution  below  the  surface  film  and  until 
the  number  of  molecules  entering  the  surface  film  in  a  unit  of  time  is 
equal  to  the  number  of  molecules  passing  from  the  surface  film  into  the 
bulk  of  the  Hquid.  It  can  be  shown^^  that  the  dwindling  in  surface  ten- 
sion of  solutions  of  organic  substances  and  emulsions  comes  to  a  con- 
stant surface-tension  value  if  sufficient  time  is  allowed.  We  found  that 
the  rate  of  adsorption  of  the  constituents  lowering  surface  tension  could 
be  greatly  expedited  by  causing  a  gentle  agitation  of  the  solution  or  emul- 
sion without  disturbing  its  surface.     This  was  done  by  drawing  the 


18  "Surface  Tension  in  Flotation,"  Min.  &  Sci.  Press  (Nov.  5,  1921),  631. 


DISCUSSION  533 

emulsion  into  a  50  or  100-cc.  pipette  a  number  of  times  and  allowing  it 
to  discharge  slowly  beneath  the  surface;  various  preparations  required 
from  two  to  two  dozen  treatments  before  equilibrium  was  reached.  This 
procedure  simply  served  to  renew  the  depleted  layers  under  the  sur- 
face film. 

In  our  work,  much  of  which  remains  to  be  pubUshed,  we  found  that 
with  the  film  method  of  measuring  surface  tension  of  liquids,  the  surface 
tension  of  which  decreased  with  age,  the  only  reliable  procedure  was  to 
measure  the  tension  in  surfaces  in  which  the  adsorbed  film  had  come  to 
equilibrium  with  the  bulk  of  the  liquid.  As  surface  concentration  or 
adsorption  processes  in  general,  whether  it  be  at  an  air-liquid  or  a  liquid- 
liquid  interface,  are  not  rapid,  a  surface  tension  method  to  be  reliable 
must  measure  the  tension  in  (1)  surfaces  that  have  come  to  equilibrium 
with  the  bulk  of  the  solution,  (2)  surfaces  of  an  equal  age,  or  (3)  surfaces 
so  fresh  that  no  surface  concentration  has  taken  place.  We  found  that, 
if  we  ignored  the  time  factor  in  working  with  emulsions,  the  drop 
weight  or  the  Jaeger  capillary  bubble  method,  which  measures  the  tension 
in  relatively  fresh  surfaces  and  surfaces  of  uniform  age,  was  more  reliable 
than  the  film  method.  Yet,  I  judge  that  the  authors  had  no  trouble,  when 
using  the  method  of  cleaning  the  plate  between  measurements,  in  obtain- 
ing concordant  values,  on  all  ages  of  surfaces  of  a  given  liquid. 

In  the  method  of  making  adsorption  tests  of  surface-tension  lowering 
substances  described,  it  seems  necessary,  in  the  cases  of  such  substances 
as  oleic  acid  or  a  pine  oil,  to  make  the  following  assumptions:  (1)  That 
the  oil  is  present  in  the  water  in  two  forms,  viz.  as  molecules  and  as  drop- 
lets; (2)  that  the  droplets,  which  may  range  in  size  from,  say,  groups  of 
two  molecules  to  groups  of  as  many  as  a  thousand,  have  no  effect  what- 
ever on  surface  tension;  (3)  that  these  droplets  or  molecule  aggregates 
are  not  adsorbed  by  minerals;  (4)  that  the  filter  bed  of  infusorial  earth 
will  retain  as  much  soluble  oil  from  a  solution  that  has  a  surface  tension 
of  say  65  dynes  per  cm.  as  it  will  from  a  sample  of  the  same  oil  having  a 
surface  tension  of  say  60  dynes,  the  difference  being  due  to  a  previous 
treatment  with  a  large  amount  of  mineral  surface. 

The  first  assumption  is  the  only  one  that  is  justifiable.  We  are  cer- 
tainly not  justified  in  assuming  that  molecule  aggregates  in  water,  of 
say  oleic  acid,  have  no  effect  on  the  surface  tension  of  water.  It  seems 
that,  in  the  case  of  a  substance  composed  of  a  polar  and  a  non-polar 
group  when  the  molecules  group  together  to  form  a  tiny  droplet  sur- 
rounded by  water,  the  surface  of  the  droplet  in  contact  with  water 
will  be  composed  entirely  of  polar  groups  that  tend  to  dissolve  in  the 
water,  and  that  the  non-polar  groups  will  point  to  the  center  of  the 
droplet.  Such  droplets,  in  all  probability,  will  not  behave  as  droplets 
of  a  substance  like  benzene  in  water,  which  has  no  soluble  portion  in  the 
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molecule.  That  such  active  droplets  are  not  adsorbed  at  solid  surfaces 
remains  to  be  shown. 

In  Table  10,  the  authors  compare  some  adsorption  figures  of  their 
own  for  a  pine  oil  with  some  figures  previously  given  by  the  writer  for  the 
same  oil.  As  they  point  out,  there  is  no  agreement;  their  figures  show 
negative  adsorption  while  the  writer  s  figures  indicate  positive  adsorption. 
We  have  never  found  a  case  of  negative  adsorption  and  it  seems  that  such 
cases  must  be  attributed  to  experimental  error  somewhere  in  the  pro- 
cedure of  determining  adsorption;  one  of  the  most  likely  sources  of  this 
error  is  probably  in  the  neglect  of  the  time  factor  in  the  value  of  surface 
tension. 

Apparently  the  authors  estimate  the  amount  of  solute  adsorbed  on 
a  given  amount  of  mineral  surface  on  the  assumption  (my  assumption 
No.  4  above)  that  a  given  bed  of  infusorial  earth  adsorbs  as  much  of  a 
given  solute  from,  for  example,  a  solution  containing  10  parts  per  million 
as  it  does  from  a  solution  containing  20  parts  per  million.  The  authors 
give  the  reduction  in  concentration  by  adsorption  (presumably  referring 
to  adsorption  by  the  numeral  only)  as  C^  —  Cp,  where  C^  is  the  concen- 
tration of  the  blank  solution  after  it  has  passed  through  the  bed  of  infu- 
sorial earth  and  Cp  is  the  concentration  of  the  solution  after  it  has  been 
agitated  with  the  mineral  and  then  filtered  through  the  bed  of  infusorial 
earth.  If  Cp  is  the  concentration  of  the  solute  in  the  original  solution, 
Cb  the  concentration  of  the  solution  after  passing  through  the  filter  bed, 
X  the  amount  of  adsorption  from  mineral-treated  solution  by  the  infusor- 
ial earth,  and  Cp  the  concentration  of  the  solution  after  treatment  with 
mineral  and  after  passing  through  the  filter  bed,  the  reduction  in  the 
concentration  of  the  original  solution  by  treatment  with  the  mineral 
would  be  Cp  —  (Cp  +  x).  If  Cx  =  (Cp  +  x),  the  reduction  in  concen- 
tration would  be  expressed  as  Cp  —  Cx  instead  of  Cb  —  Cp  as  given  in 
the  paper. 

If  the  above  reasoning  is  not  faulty,  and  our  experience  has  shown 
that  the  amount  of  a  solute  adsorbed  by  minerals  (and  this  would  no 
doubt  be  true  for  any  other  adsorbent)  bears  a  relation  to  the  concentra- 
tion of  the  solute,  a  very  grave  error  would  enter  into  the  method  of 
calculating  adsorption  used  by  the  authors.  As  a  given  bed  of  adsorbent 
(infusorial  earth  in  this  case)  will  adsorb  more  of  the  solute  from  the  solu- 
tion of  higher  concentration  than  it  will  from  solutions  of  lower  concen- 
tration, the  values  given  for  the  amounts  of  solute  adsorbed  by  a  unit 
of  mineral  surface  will,  in  general,  be  too  low. 

The  authors  show  that  the  thickness  of  the  adsorbed  films  on  miner- 
als are,  in  general,  monomolecular,  which  is  in  line  with  Langmuir's 
theory  that  adsorbed  films  are,  in  general,  one  molecule  deep.  In  the 
case  of  pure  solutions,  this  is  what  one  would  probably  expect  to  find; 
yet  data  that  we  have  on  such  substances  as  heptylic  acid  and  capryhc 
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acid  as  well  as  oils  place  the  thickness  of  the  adsorbed  film  at  from  10  to 
100  or  more  molecules  deep.  It  is  beheved  that  the  error  in  calculating 
the  area  of  the  mineral  surface  actually  available  for  adsorption  is  much 
greater  than  that  estimated. 

A  word  more  about  the  procedure  of  measuring  the  surface  tension  of 
various  preparations,  as  used  by  Taggart  and  Gaudin,  to  overcome  the 
dwindhng  in  surface-tension  effect,  namely,  by  cleaning  the  plate  with 
acetone  and  then  ether  between  each  dip  in  any  liquid. 

It  is  difficult  to  understand  how,  when  measuring  the  surface  tension 
of  various  preparations,  cleaning  the  plate  between  each  dip  with  acetone 
and  then  with  ether  will  completely  overcome  the  dwindling  in  surface- 
tension  effect.  Cleaning  between  dips  gives  a  higher  surface-tension 
value  for  a  solution,  that  shows  a  decrease  in  tension  with  time,  than 
would  be  obtained  after  the  third  or  fourth  dip  without  cleaning;  however, 
the  value  that  will  be  obtained  even  by  this  procedure  will  depend  on 
the  time  the  plate  has  stood  dipped  in  the  liquid  before  drawing  out  the 
film  and  on  the  depth  to  which  the  knife  edge  or  plate  was  immersed  in  the 
liquid  before  being  drawn  out.  The  greater  the  length  of  time  the  plate 
stands  immersed  in  the  liquid  the  lower  will  be  the  surface-tension  value; 
and  the  greater  the  depth  of  immersion,  the  higher  will  be  the  surface 
tension. 
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The  British  Columbia  Batholith  and  Related  Ore  Deposits 

By  Philip  D.  Wilson,*  E.   M.,  Warren,  Ariz. 

(San  Francisco  Meeting,  September,  1922) 

The  Province  of  British  Columbia  covers  382,000  sq.  mi.,  about 
250,000  sq.  mi.  of  which  have  not  been  prospected.  In  fact,  the  coast 
country  and  the  islands  are  so  heavily  timbered  and  the  surface  covered 
with  so  thick  a  mantle  of  soil,  muskeg,  and,  over  broad  areas,  glacial 
drift,  that  prospecting  and  even  trail  breaking  are  extremely  difficult. 
It  is  only  along  the  coast  or  stream  channels,  or  above  the  timber  line, 
or  where  snow  or  rock  slides  have  scoured  the  surface,  that  rock  outcrops 
can  be  found.  Glaciers  nestle  in  many  of  the  cirques  and  fill  the  valleys 
in  the  higher  ranges.  Great  ice  sheets  and  perpetual  snow  persist  in 
certain  localities,  thus  reducing  the  exposed  areas  worth  prospecting. 
Almost  the  entire  country  has  been  subjected  to  intense  glaciation,  so 
that  the  conspicuous  oxidized  outcrops  of  orebodies  typical  of  the  south- 
western United  States  and  Mexico  do  not  exist  and  surface  bodies  of 
enriched  or  oxidized  ore  are  rare. 

With  few  exceptions,  the  mines^  of  the  Province  are  working  primary 
ore.  Developments  have  proved  that  some  of  these  orebodies  are  large  and 
important,  although  usually  comparatively  low  in  grade.  Besides  the  few 
mines  that  have  produced  most  of  the  minerals,  there  are  many  small 
mines,  but  their  total  output  is  unimportant.  Considering  the 
number  of  mines  and  prospects  and  the  widespread  mineralization,  it  is 
strange  that  no  really  great  mines,  comparable  in  size  and  richness  with 
those  in  the  western  United  States,  have  been  found. 

The  deposits  that  most  closely  approach  the  status  of  great  mines  are 

*  Chief  Geologist,  Calumet  and  Arizona  Mining  Co. 

*  During  1920,  the  author  visited  the  properties  described  in  this  paper  and  a 
large  number  of  less  important  or  less  developed  mines  and  prospects  of  British 
Columbia  and  the  adjacent  portions  of  the  Yukon  and  Alaska.  Individual  acknow- 
ledgment of  all  information  received  is  scarcely  possible.  But  the  author  expresses 
his  special  appreciation  of  the  kindness  and  courtesy  of  Messrs.  H.  S.  Munroe,  E.  E. 
Campbell,  and  Jay  Tuttle,  Jr.,  at  Anyox,  Mr.  Dale  Pitt  at  the  Premier  mine,  Mr. 
G.  T.  Jackson  at  Juneau,  Messrs.  E.  J.  Donohue  and  C.  P.  Browning  at  the  Britannia, 
Mr.  H.  R.  Van  Wagenen  at  Copper  Mountain,  and  Mr.  S.  G.  Blaylock  at  Trail,  and 
to  the  members  of  the  staffs  and  operating  organizations  of  the  many  mines  visited. 
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probably  the  Hidden  Creek  at  Anyox,  the  Britannia  on  Howe  Sound,  the 
Copper  JVIountain  at  Princeton,  and  the  SulHvan  at  Kimberley.  The 
first  two  have  been  producing  on  a  moderate  scale  for  some  years  and 
of  late  have  furnished  most  of  the  copper  produced  in  the  Province. 
The  Copper  Mountain  mine  had  just  entered  the  ranks  of  the  big  pro- 
ducers in  the  fall  of  1920,  when  it  was  shut  down.  These  three  mines  are 
similar  in  that  the  ore,  which  is  low  grade,  primary  sulfide  and  usually 
amenable  to  concentration,  occurs  in  isolated,  irregular,  lenticular  bodies 
in  steeply  dipping  fracture  zones.  Some  of  the  bodies  outcrop  and  some 
of  the  ore  can  be  mined  cheaply  by  glory-hole  methods.  Most  of  it  will 
eventually  have  to  be  handled  underground  by  shrinkage  or  untimbered 
open  stopes.  The  uncertain  distribution  of  the  orebodies,  the  consequent 
high  cost  of  mining  such  low-grade  ore,  and  the  comparatively  small 
developed  tonnages  militate  against  large  profits  or  a  large  return  on  the 
necessarily  big  initial  investment.  The  Sullivan  mine  has  developed  a 
large  replacement  deposit  of  silver-bearing  zinc-lead-iron  sulfide  ore.  It 
furnishes  most  of  the  zinc  and  a  large  part  of  the  lead  production  of  British 
Columbia  and,  now  that  the  metallurgical  problems  incident  to  the  treat- 
ment of  the  ore  have  been  successfully  solved,  it  will  probably  take  a 
foremost  place  among  the  big  mines  of  the  Province. 

In  point  of  value  copper  has  taken,  in  recent  years,  first  place  in  the 
metal  production  of  British  Columbia;  but  during  1919  and  1920  it 
yielded  first  place  in  quantity  of  production  to  zinc.  The  development  of 
the  Sullivan  mine  has  greatly  increased  the  production  of  both  zinc  and 
lead,  while  the  output  of  gold  in  the  Province  is  gradually  decHning. 
Silver  has  remained  about  stationary.  Table  1  shows  the  production 
in  the  Province  for  the  years  1918,  1919,  and  1920  with  the  total  value  of 
the  products  to  date. 

The  economically  most  important  structural  feature  of  British  Colum- 
bia is  the  great  Coast  Range,  which  follows  the  Pacific  Ocean  a  little  west 
of  north  from  the  international  boundary  to  the  Yukon.  This  is  part 
of  the  North  American  Cordillera,  which  is  over  400  mi,  (645  km.)  wide 
at  the  border.  The  Cordillera  in  British  Columbia  is  characterized  by 
parallel  north-south  ranges,  separated  by  long,  narrow,  lake  valleys  and 
river  channels,  which  form  an  almost  continuous  belt  of  rough,  mountain- 
ous country  parallel  to  the  international  line  and  a  direct  continuation  of 
the  great  ranges  of  Washington  and  Idaho.  The  Coast  Range  is  80  or  90 
mi.  wide  in  southern  British  Columbia,  which  width  gradually  decreases 
to  50  or  60  mi.  (80  to  96  km.)  at  the  Yukon  boundary  and  finally  merges 
into  the  Interior  Plateau  near  the  Yukon-Alaska  line.  It  is  almost  wholly 
composed  of  coarse,  granitoid  rocks,  which  vary  from  gabbro  to  granite 
in  composition,  but  are  in  large  part  granodiorite.  These  rocks  are  so 
closely  related  that  the  mass  may  be  considered  as  one  gigantic  batholith, 
intruded  during  a  long-continued  period  of  igneous  activity  in  late  Juras- 
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sic  and  early  Cretaceous  times.  There  are  fairly  sharp  Unes  of  demarca- 
tion between  the  plutonic  rocks  of  the  Coast  Range  and  the  older 
sedimentaries  of  the  Interior  Plateau  on  the  east  and  of  the  Alexander 
Archipelago,  the  Queen  Charlotte  and  Vancouver  Islands  on  the  west. 
On  the  other  hand,  many  of  the  small,  rugged  islands  that  fringe  the 
southern  British  Columbia  coast  have  been  carved  out  of  the  batho- 
lithic  mass  itself. 

The  mountainous  belt,  about  100  mi.  (160  km.)  wide,  which  roughly 
parallels  the  southern  international  boundary,  has  been  invaded  by  great 
batholiths  of  plutonic  rocks  closely  related  to  those  of  the  Coast  Range 
with  their  characteristic  rugged,  massive  topography.  This  rough 
border  country  gradually  blends  into  the  plateau  region  of  northeastern 
British  Columbia.  While  the  rocks  of  this  huge  series  of  Mesozoic 
intrusions  rarely  contain  evidence  of  ore  deposits  within  themselves,  the 
invaded  rocks  on  both  borders  and  in  the  big  included  masses  often  show 
strong  and  widespread  minerahzation.  It  is  in  these  older  intruded 
rocks,  largely  sedimentaries  and  effusive  volcanics,  that  most  of  the  ore- 
bodies  are  found.  The  relation  of  the  developed  mines  to  this  long  but 
comparatively  narrow  intrusive  backbone  is  shown  in  Fig.  1,  on  which  the 
post-Cambrian  intrusive  rocks  have  been  outHned  from  Bailey  WiUis' 
geologic  map  of  North  America. 

The  territory  that  shows  most  mineral  promise  is  an  arc  curving  from 
the  Alberta  line  on  the  southeast,  where  the  Rocky  Mountains  rise 
abruptly  from  the  prairies,  into  the  Yukon  on  the  northwest,  where  it 
loses  itself  in  the  plateau.  There  are  only  scattered  mountains  in  the 
plateau  region  between  the  Coast  Range  and  the  little  known  Rocky 
Mountains  in  the  northeastern  portion  of  the  Province.  In  fact, 
the  plateau  extending  from  the  eastern  edge  of  the  Coast  Range  to  the 
Laurentian  Plateau  in  northeastern  Alberta,  Saskatchewan,  and  the 
Northwest  Territories  is  broken  only  by  the  lofty  and  rugged  but  com- 
paratively narrow  Rocky  Mountain  Range.  This  broad  area  would 
appear  to  have  little  mineral  value  except  for  the  possible  occurrence  of 
oil  both  in  the  Cretaceous  and,  since  the  discovery  of  petroleum  in  the 
Devonian  north  of  Fort  Norman,  in  the  underlying  Palezoic  rocks.  In 
the  arc's  northwestern  segment,  the  mines  and  important  prospects  are 
quite  symmetrically  arranged  along  both  contacts  of  the  barren  Coast 
Range  bathoUth;  on  the  east  in  the  broad  metamorphic  belt  bordering  the 
plateau  and  on  the  west  on  the  many  islands  or  in  the  narrow  remnants  of 
older  rocks  that  fringe  the  northern  part  of  the  coast.  The  only  excep- 
tions to  this  rule  are  those  orebodies  that  occur  occasionally  in  floating 
masses,  or  "roof  pendants,"  of  the  earlier  rocks,  included  in  the  batholith. 
and  one  deposit  where  quartz  lenses  in  shear  zones  in  the  Coast  Range 
granite  are  being  worked. 

In  the  southeastern  segment  along  the  international  boundary,  the 


540       THE  BRITISH   COLUMBIA   BATHOLITH   AND   RELATED   ORE   DEPOSITS 


LEGEND  cf,,^- 

o    Oy/es  ^Vv    _ 

•   Gold  Silver  Deposifs   {   ^\©^c 
O  Copper  Deposits        , 
0  Lead lincS'iher Depoitts 

WI\  Posf-Cambri'an 
largely/  Posf  Paleoioic^ 
Intrusive  Focks.  T^— s, 

Cafi-er  Bailey -Willis)  [\<: 

0  100  200,,., 

=1  Mll(?5 


Fig.  1. — Mineral  deposits  of  British  Columbia. 


PHILIP   D.    WILSON  541 

symmetry  is  lost.  The  deep-seated  intrusives  of  Coast  Range  age  and 
relationship  are  smaller  and  scattered  haphazard  throughout  the  belt. 
Consequently  minerahzation  is  widespread  and  mines  are  well  distributed 
throughout  the  entire  area.  Railroads  and  lake  navigation  render  this 
region  easily  accessible,  although  parts  of  it  are  extremely  rough.  The 
mineral  possibilities  of  this  border  country,  because  of  its  greater  accessi- 
bility and  its  proximity  to  the  United  States,  have  received  more  atten- 
tion than  those  of  any  other  part  of  British  Columbia.  On  the  other 
hand,  the  coastal  area  can  be  reached  only  by  ocean-going  vessels.  The 
rugged,  rock-bound  coast  with  cliffs  rising  sheer  from  the  water's  edge  to 
a  height  of  3000  ft.  (915  m.)  is  more  picturesque  than  hospitable.  Tim- 
ber is  rare  on  the  steeper  slopes  but  abundant  on  the  gentler,  while  the 
forest  undergrowth  is  so  dense  as  to  be  almost  impassable  until  a  trail 
has  been  cut.  There  are  few  trails  and  fewer  roads  to  inland  points,  but 
the  Provincial  Government  will  build  them  to  all  properties  possessing 
reasonable  merit.  In  many  places,  a  comparatively  narrow  band  follow- 
ing the  water's  edge  is  all  that  can  be  considered  accessible.  If  it  were 
not  that  the  coast  is  indented  by  many  long,  narrow,  deep,  navigable 
fiords,  which  in  many  instances  penetrate  entirely  through  the  Coast 
Range  barrier,  the  good  mines  and  promising  prospects  along  the 
interior  contact  of  the  range  could  not  be  worked. 

These  fiords  belong  to  two  definite  systems :  one  parallel  to  the  general 
northwest  trend  of  the  Coast  Range  and  the  other  at  right  angles  to  it. 
With  their  sheer,  lofty,  parallel  walls,  the  deep  water  with  no  beaches 
along  their  shores  and  their  U-shaped  cross-section,  they  are  typically 
the  result  of  glacial  erosion  of  pre-existing  river  channels.  The  multi- 
tudes of  tributary,  gorge-like,  U-shaped  hanging  and  through  valleys, 
and  the  poHshed,  grooved  surfaces  of  the  rock  in  the  walls  offer  abundant 
evidence  of  the  intense  glacial  erosion  of  the  country.  Glaciers  still  feed 
many  of  the  streams  that  empty  into  the  fiords.  The  older  and  larger 
rivers  have  built  up  of  the  finely  comminuted  glacial  silt  great  deltas 
— extensive  mud  flats  that  are  usually  submerged  during  high  tide.  The 
limits  of  these  deltas  are  marked  by  an  abrupt  change  from  shallow  to 
deep  water  conditions. 

Ore  Deposits  in  Eastern  Contact  Belt 

There  are  many  points  of  similarity  between  the  ore  occurrences  in 
what  may  be  called  the  inner  contact  belt  of  the  Coast  Range,  of  which 
the  Alice  Arm,  Salmon  River,  and  Atlin  Districts  are  most  important 
and  may  be  considered  typical.  The  dolly  Varden,  Premier,  and  Engi- 
neer orebodies,  and  the  showings  in  the  neighboring  prospects  are  defi- 
nitely associated  with  quartz-filled  fissures,  cutting  the  Mesozoic  series 
of   argillaceous   sedimentary   rocks    and   associated   volcanics,    largely 
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andesite  tuff  and  breccia,  that  lie  east  of  the  Coast  Range  batholith. 
Numerous  dikes  and  small  bodies  of  intrusive  rock  related  to  the  batho- 
lithic  intrusion  invade  this  earUer  series  and  the  final  emanations  from 
the  same  dying  magma  are  probably  responsible  for  most  of  the  eco- 
nomically important  mineralization.  In  the  Dolly  Varden  there  is 
silver  with  virtually  no  gold;  in  the  Premier,  the  value  of  the  gold  and 
silver  production  is  about  equal;  in  the  Engineer,  nothing  but  gold  is 
found.  Secondary  enrichment  has  been  important  in  concentrating 
near  the  surface  the  silver  in  the  two  former  mines.  In  the  Dolly 
Varden,  in  particular,  phenomenally  rich  native,  silver,  argentite,  and 
pyrargyrite  ore  has  been  mined  directly  beneath  the  thin  surface  layer  of 
muskeg  and  glacial  debris. 

Alice  Arm,  on  the  delta  of  the  Kitsault  River,  is  only  50  mi.  south  of 
Hyder  at  the  mouth  of  the  Salmon  River,  but  it  is  separated  from  Port- 
land Canal,  into  which  the  Salmon  empties,  by  an  impassable  glacier- 
capped  mountain  range.  Their  comparative  proximity  may  account  for 
the  marked  similarity  in  the  geology  and  ore  occurrence  in  the  two  dis- 
tricts. Two  systems  of  mineralized  fissures,  one  varying  in  strike  a  few 
degrees  from  east  and  west  and  the  other  a  few  degrees  from  north  and 
south,  are  characteristic  of  both.  In  the  Premier,  as  in  the  DoUy  Varden, 
the  intersections  of  the  two  localize  the  primary  and,  to  a  still  greater 
extent,  the  secondary  deposits.  Enriched  ore  has  been  developed  to  a 
depth  of  at  least  200  ft.  (60  m.)  below  the  surface  in  both  mines.  The 
primary'-  minerals  in  both  instances  are  pyrite,  sphalerite,  and  galena  with 
minor  amounts  of  argentite,  proustite,  pyrargyrite,  stephanite,  and 
rarely  chalcopyrite.  Large  masses  of  quartz  and  great  persistent  veins 
are  found  in  both  districts  in  which  these  primary  minerals  are  abun- 
dantly distributed  through  the  quartz.  Three  conditions  seem  to  be 
prerequisite  to  the  occurrence  of  commercially  valuable  orebodies  in 
these  districts.  A  strong  sihcified  fissured  zone  with  low-grade  primary 
mineralization  must  be  cut  by  cross  fractures  of  sufficient  size  and 
strength  to  permit  secondary  enrichment  and  the  resulting  enriched  ore 
must  have  been  protected  from  the  erosional  action  of  moving  ice  which 
has,  in  most  instances,  planed  off  the  oxidized  and  enriched  portions  of 
orebodies  throughout  the  northwest. 

The  ore  in  the  Premier^  occurs  as  small  irregular  lenses  in  a  nearly 

5  R.  G.  McConnell:  Portland  Canal  and  Salmon  River  Districts.  Can.  Geo!. 
Sur.  Meinoir  32,  Parts  I  and  II. 

J.  J.  O'Neill:  Salmon  River  District.     Can.  Geol.  Sur.  Report,  1920. 

E.  E.  Campbell:  Mineral  Occurrences  in  the  Stewart  District.  Can.  Min.  Inst. 
BuU.  (March,  1920). 

Victor  H.  Wilhelra:  The  Geology  of  the  Portland  Canal  District.  Min.  &  Sci. 
Pr.   (1921)  122,95. 

Charles  E.  Prior:  Notes  on  the  Salmon  River  Mining  District.  Min.  &  Sci.  Pr. 
(1920)  121,  518. 

Charles  Bunting:  The  Premier  Gold  Mine.     Can.  Min.  Jul  (1919)  40,  761. 
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east-west  steeply  dipping  fissure  zone  about  80  ft.  wide  in  schistose  quartz 
porphyry,  known  locally  as  greenstone.  A  system  of  west-dipping 
faults,  trending  a  few  degrees  east  or  west  of  north,  approximately  with 
the  schistosity,  cuts  this  sheared  zone.  The  quartz  minerahzation  follows 
both  systems  with  the  highest  grade  ore  near  the  fissures  and  at  the 
intersections,  and  lower  grade  complex  sulfide  milling  ore  in  the  blocks 
between  the  faults.  As  developed  on  the  upper,  or  No.  1,  level,  the 
lenticular  orebodies  are  in  a  block  750  ft.  (230  m.)  long  and  80  ft.  (25  m.) 
wide.  Prospecting  has  been  largely  confined  to  following  fissures  of  the 
two  systems  so  that  the  openings  are  usually  in  good  ore.  In  Tunnel 
No.  2,  248  ft.  below  level  No.  1,  a  new  pyritic  oreshoot,  lower  in  silver 
but  higher  in  gold,  was  encountered  in  the  summer  of  1920  about  500 
ft.  (150  m.)  west  of  the  most  westerly  known  high-grade  orebody.  It  is 
probably  associated  with  the  developed  fissure  zone  and  if  so  gives  it  a 
total  length  of  over  1200  ft.  with  ore  developed  at  intervals.  Oxidation 
is  local  but  quite  marked  in  the  vicinity  of  the  orebodies,  particularly 
along  the  north-south  faults.  There  is  little  doubt  that  the  grade  of  the 
ore  has  been  substantially  increased  by  secondary  enrichment,  but  there 
is  a  good  chance  that  the  primary  ore  will  have  sufficient  value  to  show  a 
profit  with  a  mill  on  the  ground. 

The  Dolly  Varden*  is  working  a  badly  faulted  east-west  quartz  vein 
from  10  to  30  ft.  (3  to  9  m.)  in  width  with  a  dip  of  from  45°  to  70°  to  the 
north.  The  vein,  which  traverses  andesite,  usually  highly  altered  to 
greenstone,  has  been  opened  in  six  faulted  blocks.  The  complex  faulting 
has  made  development  costly  and  difficult  but  has  been  largely  respon- 
sible for  the  secondary  enrichment,  which  has  given  the  ore  much  of  its 
value.  The  vein  is  developed  for  a  length  of  480  ft.  to  an  average  depth 
of  200  ft.  Its  eastern  end  is  on  a  large  fault  while  the  other  end  is  split 
into  a  series  of  unimportant  stringers.  Native  silver  and  argentite  are 
particularly  abundant  near  the  surface  while  more  pyrargyrite  is  found 
at  greater  depth. 

The  Taylor  Mining  Co.,  which  owns  the  Dolly  Varden^  mine  and  the 
17-mi.  narrow-gage  railway  to  Alice  Arm,  also  owns  the  Wolf  Group  2  mi. 
north  of  the  Dolly  Varden.  Here  a  large  tonnage  of  low-grade  highly 
siliceous  ore  has  been  developed  by  diamond  drilling  in  two  strong  parallel 
veins  striking  about  N.  20°  E.  with  conspicuous  outcrops  from  10  to  50  ft. 
in  width.  Proustite,  pyrargyrite,  argentite,  and  some  native  silver  can 
be  found  here  and  there  in  the  outcrops  but  cross  fracturing  is  absent  and 

*J.   M.   Turnbull:  Alice  Arm   District.     Minister  of  Mines  British  Columbia 
Report  (1916). 

A.  W.  Davis:  The  Dolly  Varden  Mine.  Can.  Min.  Inst.  BuU.  (Feb.,  1920). 
A.  J.  T.  Taylor:  The  Dolly  Varden  Mine.  Min.  &  Sci.  Pr.  (1920)  120,  631. 
Robert  Dunn:  The  Dolly  Varden  Mine.     Eng.  &  Min.  Jnl.  (1920)  109,  643. 
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enrichment  is  unimportant.     Many  strong  veins  in  the  district  have  good 
deposits,  but  they  are  rarely  concentrated  into  workable  orebodies. 

The  Engineer,^  which  is  300  mi.  north  of  AUce  Arm,  just  south  of  the 
Yukon  on  the  shore  of  Taku  Arm  of  Lake  Tagish,  is  not  a  developed  mine; 
it  is  remarkable  for  the  shoots  of  rich  gold  ore  that  occur  as  small  plums  in 
the  many  tiny  quartz  fissure  veins  that  cut  dark  gray,  fine-textured  slate 
and  shale.  The  area  of  sedimentary  rocks  is  close  to  a  great  mass  of  the 
Coast  Range  intrusive  rock,  largely  granodiorite,  and  is  invaded  by 
andesite  dikes.  The  gold  deposits  seem  to  be  favorably  influenced  by  the 
presence  of  the  intrusive  andesite.  The  veins  cut  the  dikes  and,  where 
andesite  forms  both  walls,,  are  narrow  and  tight,  but  the  vicinity  of  the 
intrusive  rock,  especially  where  the  vein  is  cut  by  cross  fractures,  is  the 
most  favorable  place  for  rich  ore.  The  gold  seems  to  occur  exclusively  as 
the  native  metal  in  small  flakes,  crystals,  and  dendritic  forms,  often 
symmetrically  surrounded  by  a  dark  green  aureole  of  chlorite,  but  also  inter- 
grown  with  quartz  or  as  leaves  on  the  cleavages  or  crystal  faces.  Its 
association  is  typically  primary.  The  fact  that  it  occurs  with  undimin- 
ished value  at  a  depth  of  200  ft.  (60  m.)  in  the  bottom  of  the  main  shaft  on 
the  only  vein  that  has  been  consistently  developed  corroborates  this 
assumption.  In  this  intensely  glaciated  country  oxidation  is  only  super- 
ficial. The  distribution  of  the  gold  in  the  vein  is  most  irregular  and 
erratic.  Small  lenticular  masses  are  lavishly  impregnated  with  visible 
metal  but  separated  from  one  another  by  long  stretches  of  barren  vein 
material.  Some  of  the  veins  consist  wholly  of  quartz,  others  contain  much 
calcite  and  crushed  seamed  slate.  Chloritic  alteration  is  characteristic  of 
some  but  entirely  absent  in  others.  A  little  pyrite,  usually  in  tiny  crystals, 
is  quite  universally  distributed  through  the  veins  and  the  immediately 
adjacent  country  rock.  Fine  needles  and  specks  of  stibnite  and  possibly 
native  antimony  are  occasionally  found.  The  rare  mineral,  allemontite, 
occurs  in  reniform  masses  in  one  of  the  veins.  The  presence  of  antimony 
minerals  in  the  vein  seems  to  be  a  good  indication  of  gold. 

About  100  mi.  (160  km.)  farther  north,  near  Whitehorse,  is  a  contact- 
metamorphic  belt  about  12  mi.  (19  km.)  long  and  1  mi.  (1.6  km.)  wide 
from  which  a  substantial  tonnage  of  copper  ore  has  been  shipped.  While 
this  is  also  in  the  zone  along  the  eastern  contact  of  the  Coast  Range 
batholith,  the  deposits  are  entirely  dissimilar  to  those  described,  resem- 
bling rather  the  small  copper  occurrences  on  the  islands  of  the  west  coast. 
The  orebodies  are  all  of  contact-metamorphic  origin  in  limestone  at  or 
near  its  contact  with  large  intrusive  granite  masses.  The  copper  minerals 
are  associated  with  magnetite,  or  with  specularite,  hematite,  and  limo- 
nite,  or  with  garnet  and  tremolite.  Some  rich  lenses  are  found,  the  belt 
is  extensive  and  has  many  attractive  showings,  but  all  the  properties 


6D,  D.  Cairnes:  Atlin  District.     Can.  Geol.  Sur.,  Memoir  37  (1913). 
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have  the  same  history,  common  to  most  of  those  in  which  contact-meta- 
morphic  copper  orebodies  occur — spasmodic  operations  on  a  small  and 
costly  scale,  mining  good  ore  but  showing  little  or  no  ultimate  profit. 

Ore  Deposits  in  Western  Contact  Belt 

Near  Juneau,  on  both  Douglas  Island  and  the  mainland,  situated  on 
the  Pacific  side  of  the  Coast  Range  batholith,  which  at  this  point  is  about 
50  mi.  wide,  are  gold  mines^  famous  for  their  large-scale  low-cost  opera- 
tions. The  Alaska-Gastineau,^  Alaska- Juneau,  and  Alaska-Ebner  have 
developed  large  but  very  low-grade  gold-bearing  deposits  in  a  steeply 
dipping,  mineralized,  shattered  zone  about  200  ft.  wide  in  graphitic  slate  cut 
by  metagabbro  dikes.  Although  dislocated  by  several  large  faults,  the 
zone  has  a  general  N  25°  W.  trend  and  the  mineralization  may  be  traced  for 
several  miles  between  albite  mica  schist  on  the  east  and  green  slate,  green- 
stone and  amphibolite  on  the  west.  The  fracture  zone  is  mineralized 
with  a  network  of  reticulating  quartz  veinlets  with  associated  pyrite, 
sphalerite,  galena  and  free  gold.  The  gold  distribution  is  irregular  so 
that  selective  mining  is  difficult,  if  not  impossible.  The  orebodies  are 
often  100  ft.  wide,  the  value  gradually  decreasing  but  continuing  in  the 
weaker  disseminated  sulfide  mineralization  far  into  the  hanging  wall.  In 
the  Alaska-Gastineau,  the  lodes  in  the  ore  zone  have  a  flat  rake  to 
the  southeast. 

Across  Gastineau  Channel,  on  Douglas  Island,  the  famous  Treadwell 
mines  have  been  working,  for  almost  40  years,  a  similar  but  wider  zone 
in  which  albite  diorite  dikes,  mineralized  with  quartz,  metallic  sulfides 
and  gold,  are  intrusive  into  black  graphitic  slate.  The  deposits  are 
largely  confined  to  the  dike  material  with  its  network  of  quartz  veinlets 
but  the  orebodies  of  commercial  grade  are  sometimes  very  large.  As  in 
the  Juneau  deposits,  selective  mining  is  impracticable,  but  the  average 
grade  of  the  Douglas  Island  ore  has  been  higher  than  that  of  the  mainland 
bodies  and  the  mines  have  been  very  profitable.  Other  low-grade  gold 
mines,  such  as  the  Jualin  and  the  Kensington,  and  the  smaller  higher 
grade  veins  of  Chichagoff  and  other  islands,  are  also  found  in  the  coast 
belt  west  of  the  Coast  Range  batholith.  Even  more  typical  of  the 
mineralization  in  this  belt  are  the  multitude  of  limestone-copper  deposits 
of  the  contact-metamorphic  type,  exemplified  by  the  Marble  Bay  mine^ 
on  Texada  Island  and  several  on  Vancouver,  Quadra,  Queen  Charlotte, 
and  Prince  of  Wales  Islands.     The  aggregate  production  from  this  source 


6  A.  C.  Spencer:    The  Juneau  Gold  Belt.     U.  S.  Geol.  Sur.  Bull.  287. 
Henry  M.  Eakin:  Mining  in  the  Juneau  Region.     U.  S.  Geol.  Sur.  Bidl.  622. 
G.  F.  Becker:  Reconnaissance  of  the  Gold  Fields  of  Southern  Alaska  with  Some 
Notes  on  the  General  Geologj'.     U.  S.  Geol.  Sur.,  Ann.  Rep.  Dir.  (XVIII),  Part  III. 
^  G.  T.  Jackson:  Mining  Methods  of  Alaska  Gastineau  Mining  Co.  Trans.  (1920) 
63,  464. 

8  Victor  Dolmage:  The  Marble  Bay  Mine.    Econ.  Geol.  (1921),  16,  6. 
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has  been  substantial  but  the  orebodies  are  irregular  and  it  is  doubtful  if 
any  great  mines  will  be  found  among  them. 

Ore  Deposits  in  Included  Blocks  Within  Batholith 

The  two  most  important  copper  mines  in  British  Columbia,  the 
Hidden  Creek  at  Anj^ox  and  the  Britannia  on  Howe  Sound  near  Van- 
couver, have  been  developed  in  included  blocks  or  "roof  pendants" 
within  the  Coast  Range  batholith.  The  Hidden  Creek  orebodies^  occur 
as  great  lenses  at  or  near  the  contact  of  a  large  intrusive  greenstone  mass 
with  highly  altered  slate  and  argillite.  The  greenstone  and  slate  area 
is  a  block  5  mi.  wide  and  10  mi.  long  included  in  the  more  recent  batholith, 
by  the  granitoid  rocks  with  which  it  is  completely  surrounded.  Recent 
dikes  of  many  types,  but  probably  late  phases  of  the  Coast  Range  intru- 
sion, cut  the  ore-bearing  formations  and  the  orebodies  themselves.  The 
slates  are  intensely  twisted  and  contorted,  especially  near  the  greenstone 
contact  where  they  are  often  sheared  and  altered  to  a  mica  schist.  The 
mineralization,  as  shown  by  development,  seems  to  have  been  most 
important  where  the  greenstone  forms  embayments  in  the  slate.  On 
the  eastern  edge  of  a  major  embaj-ment,  3000  ft.  (915  m.)  across,  heavy 
shearing  and  intense  silicification  have  taken  place  in  a  zone  1000  ft.  wide 
and  3000  ft.  long.  In  this  zone  are  six  distinct  lenticular  orebodies,  the 
largest  of  which  is  from  100  to  300  ft.  wide,  1500  ft.  long,  and  extends 
from  the  surface  to  a  depth  of  at  least  1000  ft.,  but  with  a  very  irregular 
outline.  The  other  orebodies  are  smaller  but  of  substantial  size.  Only 
three  lenses  outcrop ;  the  others  have  no  surface  expression  and  were  found 
by  diamond  drilling.  The  ore  consists  of  a  primary  combination  of 
pyrite,  chalcopyrite,  and  pyrrhotite  with  a  little  magnetite  and  varying 
amount  of  silica.  Three  of  the  bodies  are  fairly  massive  sulfide  ore  with 
30  per  cent,  sulfur  and  10  to  20  per  cent,  silica.  The  others  carry  up  to 
40  per  cent,  silica  and  cannot  be  smelted  directly.  A  flotation  mill  is 
being  designed  for  this  more  siliceous  material.  About  11,000,000  tons 
of  2.24  per  cent,  copper  ore  carrying  about  60  cents  in  gold  and  silver  and 
a  large  additional  tonnage  of  about  1  per  cent,  copper  are  reported 
developed. 

The  inclusion  in  the  Coast  Range  batholith  in  which  the  Britannia 
orebodies^"  are  found  is  roughly  2  mi.  wide  and  7  mi.  long  with  its  axis 
trending  in  an  east-west  direction.  It  is  made  of  black  argillite  with 
intruded  sills  of  igneous  rock,  usually  quartz  porphyry,  which  conformably 

»  R.  G.  McConnell:  Observatory  Inlet.     Can.  Geol.  Sur.  Memoir  32,  Part  IV. 

Wakely  A.  Williams:  The  Granby  Mine  at  Anyox,  B.  C.  Eng.  &  Min.  Jnl. 
(1917),  104,  629,  707. 

Donald  G.  Campbell:  Hidden  Creek  Mine  and  Smeltery.     Eng.  &  Min.  Jnl. 
(1917),  103,  274. 

"S.  J.  Schofield,  Britannia  Map  Area.    Can.  Geol.  Sur.,  Summary  Report,  1918,  B. 
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follow  the  bedding.  All  have  been  tilted  to  a  steeply  dipping  position. 
Mineralization  is  confined  to  a  strong,  persistent  shear  zone  in  the  quartz 
porphyry  of  what  is  known  as  the  Fairview  sill.  The  sill  itself  is  2500  ft. 
wide  and  the  maximum  width  of  the  shear  zone  is  close  to  1000  ft.  (300 
m.).  Both  can  be  traced  for  5  mi.  and  probably  extend  for  an  even  greater 
distance.  In  the  shear  zone  the  quartz  porphyry  becomes  a  fissile  quartz- 
mica  schist,  in  which  great  lens-shaped  masses  of  chalcopyrite,  pyrite,  a  little 
sphalerite,  and  galena  with  variable  amounts  of  quartz  are  found.  The 
sulfide  minerals  occur  disseminated  in  and  replacing  the  schist  and  also 
frequently  as  roughly  tabular  veins  following  the  schistosity.  The  ore- 
bodies  are  localized  almost  without  exception  along  the  axes  of  large, 
steeply  dipping  folds  in  the  shear  zone.  At  intervals  in  the  same  shear 
zone  are  veins  and  lenses  of  both  gypsum  and  native  sulfur,  which  have 
not  so  far  been  found  associated  with  each  other  or  with  the  copper 
mineralization;  these  minerals,  however,  are  of  scientific  rather  than 
economic  interest. 

The  developed  copper  orebodies  are  four  in  number  and  a  fifth  is 
indicated  by  recent  work.  They  are  included  in  the  7000-ft.  section 
along  the  strike  of  the  zone,  which  has  been  more  than  superficially 
prospected.  The  largest  body  and  the  most  important  producer  is  the 
Fairview,  the  maximum  dimensions  of  which  are  500  ft.  by  1500  ft.  with 
ore  developed  to  a  depth  of  2200  ft.  The  ore  that  can  be  mined  in  this 
great  lens  is  confined  to  twelve  parallel  veins  from  10  to  70  ft.  in  width 
with  varying  amounts  of  low-grade  or  barren  schist  between.  The  veins 
pinch  and  swell;  some  frequently  join  or  the  mass  between  is  sufficiently 
mineralized  to  permit  several  veins  to  be  mined  as  one  body;  on  the  other 
hand  veins  often  split  or  become  too  low  grade  to  be  mined  profitably. 
The  other  lenses  are  smaller  and  separated  from  one  another  and  from 
the  Fairview  by  low-grade  or  barren  sheared  porphyry.  In  one  place 
oxidation  extended  to  a  depth  of  about  200  ft.  In  this  zone  some  oxidized 
and  secondarily  enriched  ore  was  found.  Elsewhere  Qxidation  has  been 
superficial  and  there  has  been  no  appreciable  enrichment  of  the  primary 
sulfides.  About  10,000,000  tons  are  estimated  to  average  1.9  per  cent, 
copper  and  about  25  cents  per  ton  in  precious  metals.  The  extremely 
rugged  topography  permits  the  extraction  through  tunnels  of  even  the 
deepest  ore.  Unlike  much  of  the  Hidden  Creek  production,  this  ore 
can  be  concentrated.  The  2200-ton  concentrator  at  the  beach,  3  mi. 
away,  was  recently  destroyed  by  fire,  so  that  the  Britannia  is  closed.  A 
new  steel-and-concrete  2500-ton  plant  is  now  being  constructed. 

Ore  Deposits  in  Southern  Border  Belt 

The  third  large  copper  mine  of  the  province  is  that  brought  to  the 
point  of  production  in  the  fall  of  1920  by  the  Canada  Copper  Corpn. 
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at  Copper  Mountain"  in  the  Similkameen  district,  near  Princeton.  It 
is  about  30  mi.  north  of  the  international  boundary  and  180  mi.  east  of 
Vancouver.  In  this  district,  granitoid  rocks  with  small  included  masses 
of  highly  altered  argillite,  limestone,  and  quartzite  are  traversed  by  recent 
hght-colored  porphyry  dikes.  It  is  the  granitoid  rocks  and  the  occasional 
sedimentary  blocks  that  are  minerahzed.  The  earhest  of  the  former  is  an 
augite-monzonite  that  has  been  invaded  by  great  masses  of  granodiorite 
and  still  later  by  pegmatite  and  granite.  The  intrusion  of  the  granodior- 
ite and  granite  and  the  subsequent  mineralization  are  probably  related 
to  the  intrusion  of  the  Coast  Range  batholith,  which  has  been  so  produc- 
tive of  minerahzation  throughout  the  northwest.  Fracture  zones, 
usually  steeply  dipping,  cut  all  these  rocks  and  the  minerahzation  is 
intimately  connected  with  them.  The  recent  porphyry  dikes  trend  with 
the  major  structure,  N.  lO^-SO**  W.,  but  are  not  affected  by  the  fissuring  and 
in  some  instances  cut  sharply  through  the  orebodies.  Minerahzation  in 
the  igneous  complex  is  widespread.  In  the  fracture  zones  the  rock  is 
often  highly  altered  to  a  dense,  green,  cherty  material.  Pyrite,  chalcopy- 
rite,  bornite,  and  pj^rrhotite  occur  both  as  disseminated  crystals  in  the 
rock  mass  and  in  tiny  veinlets  and  seams  with  quartz,  calcite,  biotite, 
and  feldspar.  Magnetite  and  specular  hematite,  often  intergrown  with 
sulfide  minerals,  are  plentiful  in  the  northern  and  eastern  parts  of  the 
district.  Superficial  oxidation  has  imparted  a  rusty  color  to  the  great 
mineralized  zones.  Although  copper  carbonates  are  found  in  some  places 
near  the  surface  and  hmonite  occurs  along  open  fissures  to  a  depth  of 
100  ft.,  primary  sulfides  invariably  come  to  within  a  few  inches  of  the 
surface  and  nowhere  has  secondary  enrichment  been  important. 

At  the  Copper  ]\Iountain  mine,  eleven  orebodies,  lenticular  in  plan, 
have  been  developed  by  extensive  diamond  drilhng  in  the  central  3300  ft. 
of  a  fracture  zone  over  1  mi.  long  and,  in  places,  nearly  1000  ft.  wide; 
the  average  width  of  this  zone  is,  perhaps,  200  ft.  The  ore  lenses  grade 
from  the  Sunset,  which  is  750  ft.  long,  725  ft.  deep,  and  300  ft.  wide,  to 
small  outlying  orebodies  100  ft.  long,  100  ft.  deep,  and  50  ft.  wide.  Only 
five  lenses  outcrop.  The  others  were  found  by  diamond  drilling.  The 
major  axes  of  the  lenses  trend  N.  30°  W.,  the  strike  of  the  fracture  zone,  but 
parallel  orebodies  occur  along  east-west  fractures.  The  intersection  of 
the  two  systems  seems  to  be  important  in  localizing  the  ore.  The  depth 
of  the  lenses  is  normally  the  same  as  their  length.  While  the  lens  having 
the  greatest  vertical  dimension  is  725  ft.  in  depth,  ore  has  been  developed 
to  the  bottom  of  some  of  the  deepest  driU  holes,  more  than  1000  ft.  below 
the  surface.  The  value  of  the  deposits  decreases  toward  the  walls  so 
that  the  ore  limits  are  commercial,  except  where  a  porphyry  dike 
forms  one  or  both  walls,  when  the  Une  of  demarcation  is  sharp  and  the 

11  Charles  Camsell:  Similkameen  District.     Can,  Geol.  Sur.,  Report  (1907),  989. 
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contact  often  carries  a  little  clay  gange.  The  developed  ore,  of  which 
there  is  roughly  the  same  tonnage  as  in  the  Hidden  Creek  and  Britannia 
mines,  averages  about  1.74  per  cent,  copper  and  about  30  cents  in  recov- 
erable gold  and  silver  per  ton.  The  deep  gorge-like  Similkameen  Valley, 
which  approximately  parallels  the  ore-bearing  zone,  offered  an  ideal 
opportunity  for  developing  the  mine  by  tunnels.  An  8-mi.  railroad 
connects  the  ore-bins  at  the  lower  tunnel  mouth  with  the  2000-ton  con- 
centrator at  AUenby. 

A  little  over  100  mi.  southeast  of  Princeton  are  the  Rossland^^  and 
Boundary^'  districts,  in  which  for  many  years  the  mines  at  Rossland, 
Phoenix  and  Greenwood  have  produced  a  substantial  annual  tonnage  of 
copper-gold  ore.  The  deposits  at  Phoenix  and  Greenwood  are  now 
virtually  exhausted  but  the  Rossland  Camp  will  produce  for  many  years. 
The  Consolidated  Mining  and  Smelting  Co.  of  Canada,  which  owns 
mines  at  Rossland  and  the  Trail  Smelter,  also  owns  the  Sullivan  mine,^* 
100  mi.  to  the  east  near  Kimberley  in  the  East  Kootenay  district  and 
near  the  boundary  of  the  Province  of  Alberta.  Here  a  large  replacement 
deposit  of  silver-bearing  lead-zinc  ore  has  been  developed  in  a  great  thick- 
ness of  pre-Cambrian  quartzites,  which  has  been  invaded  by  sills  of 
gabbro.  The  whole  series  has  been  greatly  folded  and  fractured.  The 
orebodies  in  the  East  Kootenay  district  occur  both  in  veins  and  as  re- 
placement deposits  in  the  lower  quartzite  beds.  A  Httle  garnet  and 
occasionally  other  contact-metamorphic  minerals  are  intimately  asso- 
ciated with  the  ore  minerals,  indicating  the  high-temperature  origin  of 
the  deposits.  The  gabbro  is  older  than  the  ore  and  is  often  mineralized. 
The  source  of  the  mineralization  is  doubtful  as  no  other  igneous  rocks 
are  found,  but  is  probably  some  deep-seated  unexposed  intrusive. 

The  primary  minerals  in  the  Sullivan  deposit  are  pyrite,  pyrrhotite, 
sphalerite  and  galena,  usually  but  not  always  intergrown.  Shoots  are 
found  in  which  one  mineral  occurs  almost  tc  the  exclusion  of  the  others 
and  attention  was  first  confined  to  the  bodies  of  comparatively  zinc-free 
lead  ore.  Recent  metallurgical  progress,  however,  has  rendered  the 
hitherto  refractory  lead-zinc-iron  sulfide  ore  amenable  to  economic 
separation  and  it  is  on  this  type  of  material  that  the  Sullivan  mine  will 
largely  depend  for  its  future  production.  A  single  bedded  mineralized 
zone  in  the  quartzite  series  has  been  developed  for  about  3000  ft.  along 
its  north-south  strike  and  for  about  1600  ft.  along  its  average  dip  of  23** 
to  the  east.     In  this  zone,  the  quartzite  is  almost  completely  replaced 


^'^  Charles  Wales  Drysdale:  Geology  and  Ore  Deposits  of  Rossland.  Can.  Geol. 
Sur.,  Memoir  77. 

"  O.  E,  LeRoy:  Mother  Lode  and  Sunset  Mines,  Boundary  District.  Can.  Geol. 
Sur.,  Memoir  21. 

^*  S.  J.  Schofield:  Geology  of  the  Cranbrook  Map- Area.  Can.  Geol.  Sur.,  Memoir 
76. 
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by  massive  sulfide  minerals  for  an  irregular  thickness,  which  varies  from 
10  to  over  100  ft.  The  bedded  vein,  so  called,  has  been  opened  by  two 
long  tunnels  and  further  prospected  by  a  large  number  of  diamond- 
drill  holes. 

The  local  concentration  or  segregation  of  the  primary  minerals  in  this 
great  sulfide  bed  is  noteworthy.  When  the  upper  tunnel  was  first  driven, 
it  appeared  that  the  vein  as  exposed  could  be  roughly  divided  mineralog- 
ically  into  three  sections  along  its  strike.  In  the  south  section  nearest 
the  portal,  a  preponderance  of  lead  was  found;  in  the  central  section,  the 
mineralization  was  almost  pure  pyrite ;  while  in  the  northerly  third,  zinc 
predominated  and  the  iron  was  almost  entirely  in  the  form  of  pyrrhotite. 
Recent  developments  seem  to  have  proved  that  what  at  first  appeared  to 
be  a  broad  zonal  arrangement  of  the  minerals  was  only  a  local  phenomenon. 
In  the  lower  tunnel,  however,  at  a  greater  vertical  depth  of  about  700  ft. 
the  intergrown  iron  sulfide  is  pyrite  instead  of  pyrrhotite.  While  the 
entire  zone  is  continuously  mineralized,  the  ore  occurs  in  irregular  shoots 
in  much  more  abundant  pyrrhotite  or  pyrite,  often  with  a  greater  propor- 
tion of  lead  in  the  heart  of  the  shoot,  grading  into  a  more  zincy  part  and 
then  into  a  shell  of  iron.  Local  rolls  along  both  strike  and  dip  sometimes 
form  great  dome-shaped  orebodies  100  ft.  or  more  thick,  although  the 
average  thickness  of  the  minerahzed  bed  is  between  25  and  30  ft.  A  large 
tonnage  of  ore  carrying  enough  combined  zinc,  lead,  and  silver  to  show  a 
substantial  profit  with  reasonable  metal  prices  has  been  developed. 
A  site  near  the  mine  for  a  mill  with  a  probable  initial  capacity  of  2000  tons 
a  day  has  been  selected.  The  results  obtained  in  the  company's  experi- 
mental mill  at  Trail  have  been  so  encouraging  that  preferential  flotation 
will  probably  be  used  for  the  separation  and  the  zinc  product  handled  in 
the  electrolytic  zinc  plant  at  Trail.  The  mine  is  destined  to  be  an  impor- 
tant producer  for  many  years. 

The  St.  Eugene  mine^^  at  Mojae,  25  mi.  south  of  the  SulHvan,  is 
typical  of  the  vein  deposits  in  the  quartzite;  now  approaching  exhaustion, 
it  has  produced  over  1,000,000  tons  of  lead-zinc-silver  ore  of  a  gross  value 
of  more  than  $10,000,000  from  two  quartz  veins  within  a  vertical  range 
of  2600  ft.  The  veins  are  steeply  dipping,  parallel,  and  about  600  ft. 
apart.  Intersecting  fissures  have  localized  the  oreshoots,  which  in  many 
cases  are  irregular  replacement  deposits  up  to  30  ft.  thick  in  the  purer 
quartzite  beds.  The  veins  themselves  showed  only  about  5  ft.  of  ore 
where  they  cut  the  more  favorable  beds  and  pinched  to  small  dimensions 
where  the  more  argillaceous  quartzites  formed  the  walls.  In  this  south- 
ern portion  of  the  arc-shaped  mineralized  belt  of  British  Columbia  are 
many  little  mines  but  few  of  them  are  as  important  economically  as  the 
St.  Eugene. 

"S.  J.  Schofield:  Geology  of  the  Cranbrook  Map- Area.  Can.  Geol.  Sur, 
Memoir,  76. 
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Within  this  great  curved  zone,  extending  for  1500  mi.  from  the  Alberta 
boundary  in  the  southeast  to  beyond  the  Yukon  line  in  the  northwest, 
it  is  almost  certain  that  more  large  mines  will  be  found.  There  are  great 
stretches  along  the  eastern  contact  of  the  Coast  Range  batholith  that 
have  not  been  explored.  With  the  exception  of  the  comparatively 
narrow  band  made  accessible  by  the  navigable  fiords,  Portland  Canal 
and  Observatory  Inlet,  and  the  Grand  Trunk  Railway  along  the  Skeena 
River,  the  inner  contact  from  Lillooet  for  800  mi.  north  to  the  Taku 
River  may  be  considered  virgin,  almost  unprospected,  territory.  There 
is  also  every  reason  to  believe  that  other  included  blocks  of  ore-bearing 
rocks  similar  to  those  at  Anyox  and  Howe  Sound  will  be  found  within 
the  great  granite  range.  When  more  trails  are  built  and  the  heart  and 
eastern  slopes  of  the  mountain  chain  become  more  accessible,  this  curv- 
ing coastal  backbone  is  sure  to  develop  into  an  ever  increasingly  important 
asset  to  the  mineral  wealth  of  the  Province  and  of  the  Dominion, 

DISCUSSION 

Hugh  R,  Van  Wagenen,*  Allenby,  B.  C.  (written  discussion). — It 
is  strange  that  some  really  large  copper  orebodies  have  not  been  dis- 
covered, because  the  evidence  of  and  the  proper  conditions  for  the  pres- 
ence of  the  metal  are  widespread.  Of  course,  large  portions  of  the  area 
have  not  been  closely  prospected  for  it  requires  strong  financial  backing 
to  investigate  rock  in  a  place  that  is  hidden  away  and  guarded  by  the  fac- 
tors mentioned.  Eventually  very  much  copper  will  be  won  in  British 
Columbia,  I  believe. 

In  discussing  the  Copper  Mountain  mine  the  author  says  that  the  ore 
is  limited  (other  than  by  dikes)  by  commercial  walls.  This  is  correct, 
but  not  in  the  sense  of  the  commercial  limitations  to  deposits  in  lime- 
stones, or  other  expressions  of  metasomatism.  At  Copper  Mountain, 
as  the  mineralization  is  infiltration  filling  fractures  there  is  an  end  to  the 
ore  where  the  fractures  are  insufficient  to  bring  the  whole  up  to  grade, 
and  this  transition  frequently  occurs  sharply.  Occasionally  the  wall  is 
a  "teaser,"  carrying  the  usual  good  grade  of  bornite  and  chalcopyrite  in 
fractures  spaced  just  far  enough  apart  to  make  the  whole  below  pay,  yet 
leading  into  other  more  thoroughly  fractured  areas  only  a  few  feet  distant. 

*  General  Manager,  Canada  Copper  Corpn.  Ltd. 
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Deposition  of  Copper  Carbonate  from  Mine  Water 

By  Philip  D.  Wilson,*  E.  M..  Warren,  Ariz. 

(San  Francisco  Meeting,  September,  1922) 

The  genesis  of  some  orebodies  has  been  explained  by  the  mingling  and 
chemical  interaction  of  water  solutions  of  different  compositions  and  the 
consequent  precipitation  of  the  mineral  load  of  one  or  both  solutions  at 
their  confluence.  While  this  process  can  be  proved  in  the  laboratory, 
rarely  can  a  positive  demonstration  be  found  in  nature,  for  the  conditions 
at  the  time  an  ore  deposit  is  being  worked  are  usually  entirely  different 
from  those  that  existed  when  the  orebody  was  formed.  For  this  reason, 
the  present  deposition  of  copper  carbonate  in  the  southern  end  of  the 
Briggs  mine  of  the  Calumet  and  Arizona  Mining  Co.  near  Bisbee,  Ariz., 
is  of  great  interest. 

The  developed  orebodies  in  the  Calumet  and  Arizona  mines  are 
roughly  confined  to  two  broad  parallel  zones  separated  at  the  north  by  a 
wedge  of  Copper  Queen  ground  and  at  the  south  by  an  undeveloped 
block  of  Calumet  and  Arizona  ground  about  2000  ft.  (610  m.)  wide. 
The  more  westerly  zone  includes  the  Irish  Mag,  Oliver,  P.  and  D.,  and 
Cole  mines,  none  of  which  has  been  operated  since  1919.  Much  of  the 
water  from  this  division  is  carried  from  the  1400-ft.,  or  bottom,  level  at 
the  southern  end  of  the  Cole  mine  in  a  long  water  drift  through  the  unde- 
veloped block  to  the  1300-ft.  level  of  the  Briggs  mine  at  the  southern 
end  of  the  more  easterly  zone.  Most  of  this  water  comes  originally  from 
outlying  areas  in  the  P.  and  D.  mine,  passing  through  parts  of  the  lower 
levels  of  the  Cole  mine,  which  are  heavily  mineralized  with  iron  and 
copper  sulfides.  This  sulfide  zone  has  been  opened  up  and  slowly 
oxidizing  for  years.  Originally  a  pure,  potable  water,  the  analyses  of 
which  are  shown  under  A  in  Tables  1  and  2,  on  its  way  through  the 
mineralized  area  in  the  Cole  mine  it  gathers  copper,  calcium,  magne- 
sium, iron,  and  aluminum  sulfates,  a  load  of  dissolved  mineral  salts 
almost  four  times  as  great  as  that  which  it  formerly  carried;  analyses  B 
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represent  this  water.  Its  carbon  dioxide  has  entirely  disappeared,  the 
carbonates  having  been  changed  to  sulfates.  While  it  contains  no  free 
acid  and  is  neutral  to  methyl  orange,  it  shows  a  decidedly  acid  reaction 
to  phenol  phthalein.  It  also  has  an  extremely  low  chlorine  content.  The 
iron  and  copper  sulfide  zone  in  the  Cole  through  which  it  has  passed  con- 
tains a  small  amount  of  galena,  insignificant  in  percentage  but  substantial 
in  the  aggregate,  so  that  the  lead  may  have  appropriated  the  chlorine  and 
fixed  it  as  insoluble  lead  chloride. 

Table  1. — Analyses  of  Residues  in  Percentages  of  Radicals  or  Ions  and  of 
Total  Anhydrous  Inorganic  Solids^ 


Si02 

SO4 

CO3 

CI 

Na 

Ca 

Mg 

Fe203Al203. 
Cu 


100.00 

Salinity,  parts  per  million. 362.51 

Gallons  per  minute 55 


1.44 

4.18     1 

2.13 

70.45 

28.80 

48.11 

Nil 

27.42 

13.70 

0.89 

7.64 

6.73 

0.58 

Nil 

Nil 

16.61 

25.96 

22.42 

6.59 

5.22 

6.36 

0.50 

0.78 

0.42 

2.94 

Nil 

0.13 

100.00 
1360.92 
55 


100.00 

459.52 
200 


100.00 
660.92 
255 


*  These  analyses  were  made  by  Henry  S.  Hollis,  industrial  chemist,  mechanical 
department,  Calumet  and  Arizona  Mining  Co.,  who  has  done  excellent  work  in  con- 
nection with  the  determination  of  the  corrosive  qualities  of  mine  waters  and  their 
commercial  treatment. 


A.  Fresh  pure  water  from  the  1250-ft.  level,  P.  and  D.  mine;  no  work  has  been 
done  in  this  country  for  years  and  virtually  no  ore  has  been  found  in  it. 

B.  Same  water  after  passing  through  Cole  mine  from  the  1000-ft.  to  1400-ft.  level, 
where  some  of  it  seeps  through  zones  mineralized  with  pyrite  and  chalcopyrite,  which 
have  been  opened  up  and  exposed  to  oxidizing  influences  for  several  years;  the  rest  of 
it  is  carried  in  open  ditches  in  the  floor  of  drifts  through  these  same  zones. 

C.  Fresh  pure  water  from  the  southern  end  of  the  Briggs  mine,  1300-ft.  level,  from 
country  in  which  little  work  has  been  done  and  no  orebodies  known. 

D.  Mixture  of  B  and  C  in  the  ratio  of  55  gal.  of  the  former  and  200  gal.  of  the  latter 
per  minute.     Sample  taken  about  50  ft.  below  the  point  of  confluence. 


Where  the  mixture  between  this  highly  saline  water  and  the  fairly 
pure  alkaline  water  from  another  outlying  undeveloped  part  of  the 
Briggs   mine,   the  analysis  of  which   is   given   under  C,  takes  place  a 
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bright  green  deposit  of  hydrous  copper  carbonate,  essentially  malachite 
in  composition,  is  formed  as  a  crust  on  the  limestone  in  the  ditch.  That 
the  reaction  is  almost  instantaneous  and  quite  complete  is  shown  by  the 
negligible  percentage  of  copper  in  the  residue  analysis  of  the  mixture  D, 
in  a  sample  taken  close  to  the  confluence  of  the  two.  The  mixed  water 
is  carried  in  a  drift  for  about  1300  ft.  (395  m.)  and  then  dropped  through 
a  100-ft.  (30  m.)  raise  to  the  level  below.  For  this  entire  distance  the 
rock  in  the  ditch  and  in  the  raise  is  painted  a  brilliant  green.  An  analysis 
of  the  water  issuing  from  the  foot  of  the  raise  did  not  show  a  trace  of 
copper,  but  the  suspended  matter  gave  a  definite  qualitative  test  for  it. 
The  chemical  reaction  has  apparently  been  completed  and  virtually  all 
the  copper  precipitated  long  before  the  water  reaches  the  raise.  The 
copper  precipitate,  however,  in  a  finely  divided  state  is  carried  in  the 
stream  for  a  long  distance  and  gradually  deposited.  The  natural  agita- 
tion the  mixture  receives  while  tumbling  down  the  rough  walls  of  the 
raise  pretty  well  completes  the  deposition  of  the  solid  matter.  The  ditch 
that  carries  the  water  is  stained  for  only  2  or  3  ft.  beyond  the  foot  of 
the  raise. 

Table  2.— Analyses  in  Terms  of  Grains  per  United  States  Gallon 


SiOj 

FezOsAl^Os 

CaCOa 

CaCh 

CaSOi 

MgCOa 

Na^COs 

MgS04 

MgClz 

NaSOi 

NaCl 

CuSOi 

Causticity,  2  (phenol  phthalein). 
Alkalinity,^  (methyl  orange). . . 
Hardness^ 


0.88 

1.14 

1.12 

0.82 

0.21 

0.40 

0.21 

0.16 

13.80 

NU 

12.25 

8.80 

NU 

NU 

NU 

NU 

Nil 

44.88 

7.00 

17.41 

0.20 

NU 

NU 

NU 

Nil 

NU 

NU 

NU 

3.04 

25.96 

3.48 

7.78 

3.02 

NU 

2.75 

3.47 

Nil 

NU 

NU 

NU 

Nil 

1.17 

NU 

NU 

NU 

5.85 

NU       . 

0.12 

21.15 

79.40 

26.81     ; 

38.56 

Neutral 

18  acidity 

Neutral 

3  acidity 

24 

Neutral 

21 

15 

36.5 

118 

39 

59 

-  The  numbers  used  in  these  comparative  classifications  are  arbitrary; 
they  represent  no  definite  standard  chemical  conditions,  but  comparisons  for 
commercial  purposes 

The  relation  between  the  water's  capacity  to  carry  dissolved  copper 
and  its  acid  or  alkaline  condition  is  clearly  indicated  by  these  analyses. 
Copper  will  be  carried  in  solution  by  a  normally  neutral  or  alkaline  (to 
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methyl  orange)  water  just  as  long  as  the  water  shows  a  definite  acid 
reaction  with  phenol  phthalein.  The  water's  copper-carrying  capacity 
decreases  directly  with  its  phenol-phthalein  acidity  until  it  is  practically 
nil,  when  it  reacts  neutrally,  as  in  the  case  of  the  water  emerging  from 
the  raise  in  the  foregoing  description.  The  water  showed  a  strong  alka- 
line reaction  with  methyl  orange  but  was  barely  neutral  with  phenol 
phthalein.  In  other  words,  appreciable  copper  may  be  carried  and  iron 
corroded  by  water  definitely  classified  as  alkaline  by  the  ordinary  methyl- 
orange  test.  The  "  causticity, "  as  shown  by  phenol  phthalein,  should  be 
the  significant  reaction  in  commercial  analyses  for  the  purpose  of 
determining  the  corrosive  properties  of  mine  waters. 
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The  Ore  Deposits  of  Sierra  Mojada,  Coahuila,  Mexico 

By  S.  F.  Shaw,*  E.  M.,  Esmeralda,  Coahuila,  Mex. 

(San  Francisco  Meeting,  September,  1922) 

The  Sierra  Mojada  mining  district  is  situated  in  western  Coahuila, 
about  8  km.  east  of  the  Chihuahua  state  Hne,  and  about  one-half  way  from 
the  northern  to  the  southern  extremity  of  the  state.  It  is  at  the  terminus 
of  the  Mexican  Northern  R.  R.,  125  km.  northeast  of  Escalon,  Chihuahua; 
also  about  240  km.  due  west  of  Monclova,  Coahuila.  The  altitude  is 
approximately  1500  m.  above  sea  level. 

The  Sierra  Mojada  valley  is  about  10  km.  long,  from  east  to  west, 
with  a  width  of  1  to  2  km.  It  is  approached  from  the  east  through  the 
Puerto  del  Oro,  where  the  Mexican  Northern  R.  R.  enters  the  valley; 
the  slope  from  west  to  east  is  gentle.  The  Sierra  Mojada,  of  which 
about  300  m.  is  an  almost  vertical  wall,  bounds  the  valley  on  the  south 
side;  on  the  north  side,  the  slope  to  the  crest  of  Sierra  Planchada  is  more 
gradual,  rising  only  200  or  300  m.  above  the  valley. 

Water  is  relatively  scarce  in  the  district,  and  there  are  no  running 
streams.  The  rainy  season,  usually  beginning  at  the  middle  of  June, 
lasts  through  July,  and  occasionally  into  August  or  September.  In  some 
years  the  rains  fail  entirely.  The  slope  of  the  ground  is  such  that  nearly 
all  the  water  unmediately  runs  off.  The  arroyos  along  the  flanks  of  the 
mountains  are  not  very  deep,  but  in  heavy  rains,  sometimes  approaching 
cloudbursts,  a  tremendous  volume  of  water  rushes  down  them,  carrying 
large  boulders. 

A  certain  amount  of  seepage  collects  in  the  agglomerate,  lying  below 
the  conglomerate,  and  is  retained  in  the  local  fractures.  Some  shallow 
wells  have  been  sunk  in  this  agglomerate,  and  one  well  over  150  m.  deep 
was  sunk  on  the  Volcan  ranch,  supplying  about  76  1.  (20  gal.)  per  min. 
A  considerable  supply  of  water  is  collected  in  large  earth  reservoirs 
in  and  below  the  town  of  Esmeralda.  In  ordinary  years  this  supply 
will  last  until  January  or  February,  after  which  the  Volcan  well  has  to  be 
depended  on  until  the  next  rainy  season. 

Vegetation  is  scarce,  aside  from  scanty  scrub  oak  and  other  brush  in 
the  mountains,  and  a  few  mezquite,  locust,  pepper,  and  cottonwood  trees. 

*  Manager,  Constancia  Mining  Co. 
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The  climate  is  delightful  throughout  the  year,  with  few  cloudy  days. 
The  maximum  range  of  temperature  for  a  whole  year  was  from  45"  F.  in 
December  to  84°  in  June. 

In  the  early  days  of  Sierra  Mojada,  the  ore  was  transported  by  wagons 
or  carts  to  Escalon  or  to  Monclova.  Since  1891,  when  the  Mexican 
Northern  was  completed,  this  has  been  the  only  rail  communication  for 
the  district.  A  standard-gage  railroad  from  Monclova  was  started 
about  1892,  but  was  completed  only  as  far  as  Cuatro  Cienegas,  67  km.; 
this  road  is  now  being  extended  by  the  Mexican  Government  to  Sierra 
Mojada,  and  will  join  the  Mexican  Northern  14  km.  from  that  point, 
making  the  total  distance  from  Monclova  to  Sierra  Mojada  240  km. 
This  new  road  will  shorten  the  distance  to  the  Monterrey  smelters  and 
to  the  border,  via  Monclova  and  Eagle  Pass,  and  will  enable  the  operators 
to  obtain  comparatively  cheap  coal  from  the  Sabinas  coal  fields. 

Geology 

Rocks 

The  three  principal  rocks  in  the  district  are :  Limestone,  agglomerate, 
and  conglomerate  or  alluvium. 

Limestone. — The  oldest  rock  in  the  district  is  a  Cretaceous  limestone, 
which  is  exposed  in  all  the  higher  points  and  in  the  surrounding  hills. 
In  the  valley,  it  is  covered  by  agglomerate  and  conglomerate. 

On  the  surface  the  rock  is  usually  Hght  colored.  It  forms  abrupt 
slopes  and  almost  perpendicular  precipices  on  the  Sierra  Mojada  or  south 
side  of  the  valley,  but  the  slope  of  the  northern  side  is  more  gentle.  The 
beds  slope  fairly  regularly  to  the  east-southeast  with  a  dip  of  from  15°  to  20°. 
They  show  a  thickness  of  at  least  3000  ft.  (914  m.)  along  the  Sierra 
Mojada,  although  their  base  is  not  exposed  at  any  point.  Diamond- 
drill  holes  put  down  in  the  valley  to  a  depth  of  1000  ft.  (305  m.)  or  more 
are  said  to  have  penetrated  shale,  quartzite,  and  even  igneous  rock,  but 
the  records  appear  to  present  some  uncertainty. 

The  beds  are  composed  mainly  of  uncrystallized  and  semi-crystallized 
or  re-crystalhzed  limestones.  In  the  vicinity  of  the  orebodies,  and  near 
the  surface,  there  are  relatively  small  quantities  of  altered  limestone, 
designated  by  Garrey  as  sheared  limestone,  leached  hmestone,  and  land- 
slide limestone.  The  rock  has  been  classified  as  Cretaceous  although 
only  imperfect  fossils  have  been  discovered;  however,  practically  all  of 
the  table  land  in  this  portion  of  Mexico  has  been  found  to  consist  of 
Cretaceous  limestone. 

Except  in  the  vicinity  of  the  ore  deposits,  the  limestone  is  almost  free 
of  silica  and  iron.  Certain  of  the  beds  contain  considerable  magnesia, 
and  it  has  been  suggested  that  the  magnesian  limestone  has  been  more 
favorable  for  replacement  by  the  metal-bearing  solutions;  subsequent 
iavestigations  have  not  borne  out  this  theory. 
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Agglomerate. — The  valley  and  the  flanks  of  the  mountains  on  both 
sides  have  been  covered  with  a  volcanic  breccia  designated  by  Garrey  as 
agglomerate.  The  source  of  this  rock  is  unknown.  It  may  have  orig- 
inated from  a  vent  to  the  west  of  the  mineralized  district,  flowing 
into  the  valley  and  filling  it  to  a  much  greater  depth  than  appears  at 
present.  Another  theory  is  that  the  hne  of  weakness  presented  by  the 
east-west  axis  of  the  limestone  antichne,  now  occupied  by  the  valley,  is 
probably  the  source  of  the  agglomerate  flow.  The  agglomerate,  wherever 
visible,  is  much  altered ;  along  the  flanks  of  the  mountains  it  has  weathered 
to  a  rust-colored  material,  embedded  in  which  may  be  seen  fragments 
of  limestone  and  of  igneous  material  different  in  character  from  the 
matrix.  Nearer  the  middle  of  the  valley,  where  No.  10  shaft  penetrated 
the  agglomerate,  it  is  found  comparatively  fresh,  showing  fragments  of 
limestone  and  granite  embedded  in  the  volcanic  material. 

The  original  mass  was  evidently  quite  thick.  Two  hills  of  this  mate- 
rial on  the  Blanca  and  "C"  claims,  which  have  been  protected  by  a 
capping  of  cemented  limestone,  indicate  a  thickness  of  approximately 
1000  ft.  (305  m.)  or  more;  the  original  thickness  was  doubtless  greater 
than  it  is  at  present. 

Conglomerate  (Alluvium). — The  flanks  of  the  mountains  are  covered, 
in  places,  by  a  blanket  of  cemented  debris,  consisting  of  limestone 
boulders  and  pebbles,  which  extends  over  the  valley,  burying  the  agglom- 
erate to  a  known  depth  of  510  ft.  (155  m.)  on  the  Volcan  ranch.  The 
conglomerate  is  quite  porous,  and  water  drains  through  it  rapidly  until 
it  reaches  the  agglomerate. 

Structure 

The  limestone  strata  in  the  Sierra  Mojada  dip  15°  to  20°  to  the  south- 
east, while  those  in  the  Sierra  Planchada  dip  to  the  north  at  about  the 
same  angle.  It  appears  likely,  as  mentioned  by  Chism,i  that  the  present 
valley  w^as  once  the  site  of  an  antichne,  the  axis  of  which  had  a  strike  to 
the  east-southeast. 

INIinor  faulting  is  observed  in  practically  all  of  the  mines,  but  the 
throw,  as  a  rule,  is  small.  There  is  a  fault  having  a  north-south  strike 
just  west  of  the  India  claim  and  passing  through  the  village  of  Sierra 
Mojada.  The  agglomerate  capping  is  missing  directly  west  of  this  fault, 
but  at  a  distance  of  1  km.  to  the  north  of  the  India  mine  the  contact  is 
seen  to  continue  to  the  west  of  the  fault,  and  a  mineralized  area  is  found 
in  the  San  Francisco  mine. 

A  series  of  small  faults  with  horizontal  throws  10  to  50  ft.  (3-15  m.), 
and  striking  N.  10°  W.,  is  seen  in  the  Jesus  Maria  mine,  where  the 
agglomerate  is  displaced,  indicating  that  the  faulting  occurred  after  the 
agglomerate  was  laid  down;  these  faults  extend  into  the  Exploradora 
mine  to  the  north.     To  the  northeast  of  the  Jesus  Maria  faults,  another 


1  Trans.  (1886)  15,  547. 
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fault  is  found  striking  approximately  N.  25°  W.  which  can  be  traced 
through  the  "A"  (Monterrey)  and  Exploradora  claims  for  a  distance  of 
350  m.  The  orebodies  and  contact  have  been  displaced  for  a  few  meters 
by  this  fault. 

Still  farther  east,  in  the  Fortuna  mine,  a  fault  has  been  followed  by  a 
drift  along  a  strike  of  N.  40°  E.  for  a  distance  of  175  m.,  and  it  is  believed 
that  a  somewhat  less  prominent  fault  found  in  the  Veta  Rica  mine  is  the 
extension  of  the  Fortuna  fault  to  the  northeast. 

In  the  San  Salvador  mine,  there  are  two  faults  less  marked  than  those 
mentioned,  called  the  San  Juan  and  the  Santa  Gertrudis.  These  faults 
strike  N.  45°  E.  and  N.  20°  E.,  respectively;  both  of  them  displace  the 
orebodies  for  short  distances.  A  series  of  local  minor  displacements 
occur  in  the  San  Salvador  mine  with  strikes  from  north-south  to  east-west, 
which  produce  displacements  in  the  orebodies  of  a  few  inches  to  a  few  feet. 

The  most  prominent  and  important  displacement  so  far  observed  in 
the  district  is  the  movement  of  the  agglomerate  to  the  north  along  a  usual 
dip  of  15°  to  45°.  This  movement  of  the  agglomerate  over  the  edges  of 
the  bedded  Hmestone  has  produced  a  zone  of  sheared  limestone  with 
strike  and  dip  paralleling  the  plane  of  the  agglomerate  contact,  and  hav- 
ing a  thickness  of  a  few  inches  to  50  or  75  ft.  (23  m.)  as  a  maximum. 

Geological  History 

The  sequence  of  events  appears  to  have  been  about  as  follows: 
The  stratified  limestone  was  laid  down  in  the  sea,  elevated  to  approxi- 
mately its  present  position,  then  folded  by  horizontal  stresses.  An  anti- 
cline once  occupied  the  present  Sierra  Mojada  district,  the  erosion  of 
which  resulted  in  the  present  valley.  This  period  of  erosion  and  denuda- 
tion was  followed  by  expulsion  of  the  agglomerate,  which  was  afterward 
partly,  and  in  places  entirely,  covered  by  further  erosion  from  the  lime- 
stone cliffs  and  from  the  upper  part  of  the  agglomerate  itself;  this  cover- 
ing, in  time,  w^as  cemented  into  the  present  conglomerate.  At  some 
period  after  the  expulsion  of  the  agglomerate  and  the  partial  covering  by 
debris,  there  was  pronounced  faulting  resulting  in  a  downward  movement 
of  the  agglomerate  to  the  north,  the  fault  plane  having  a  general  east- 
west  strike  and  a  dip  to  the  north  of  15°  to  45°.  This  faulting  involved 
movement  of  the  conglomerate  as  well  as  of  the  agglomerate,  and  in 
manj^  places  the  hanging  wall  is  seen  to  be  conglomerate  with  a  foot  wall 
of  sheared  limestone.  The  movement  of  this  enormous  weight  over  the 
edges  of  the  limestone  beds  produced  the  sheared  limestone  that  is  now 
seen  nearly  everywhere  between  the  limestone  beds  and  the  agglomerate, 
or  the  conglomerate,  as  the  case  may  be. 

Several  zones  of  fracturing  resulted  either  from  the  expulsion  of  the 
agglomerate  or  from  the  movement  of  the  superencumbent  mass  of  rock, 
or  both,  the  principal  fractures,  and  apparently  the  deepest  seated,  being 
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those  with  a  general  east-west  strike.  North-south  fractures  of  huiited 
extent  are  also  seen,  but  appear  to  have  no  relation  to  the  origin  of  the 
ore.  The  metal-bearing  solutions  rose  through  the  east-west  fracture 
zones,  of  which  three  principal  ones  have  already  been  recognized,  and 
deposited  their  contents  as  replacements  in  the  limestone,  along  fractures, 
along  the  contacts  of  sheared  limestone  and  agglomerate,  or  within 
sheared  hmestone  beds  as  well  as  in  the  movement  planes  within  the 
sheared  limestone. 

The  Ore  Deposits 

The  ore  deposits  may  be  classified  as  follows : 

1.  Oxidized  argentiferous  lead  ore,  containing  considerable  iron. 

2.  Contact  orebodies,  of  the  following  types:  (a)  silver-copper  ore; 
(6)  siliceous  silver  ores;  (c)  siliceous  silver-lead  ore. 

3.  Silver  impregnations  in  the  limestone. 

4.  Oxidized  zinc  ore. 

The  oxidized  argentiferous  lead  ore  is  found  as  a  replacement  of  one 
or  more  strata  of  limestone  along  a  general  east-west  zone  of  fracturing, 
apparently  related  in  no  way  to  the  agglomerate-limestone  contact. 
This  ore  also  occurs  in  lesser  amounts  as  the  filling  of  fractures  having  a 
general  east-west  strike  and  lying  to  the  north  of  the  main  lead  orebody, 
under  or  close  to  the  sheared  limestone-agglomerate  contact.  The 
main  lead  manto  was  the  first  important  orebody  mined  in  the  camp,  and 
extraction  has  continued  from  the  discovery  of  the  camp  in  1878  until  the 
present,  although  since  1905  the  tonnage  recovered  has  not  been  large. 
Complete  records  of  production  are  not  available.  In  1896,  the  produc- 
tion is  stated  by  Chism  to  have  been  1000  tons  per  week.  In  1893,  the 
American  Consul  reported  that  the  San  Salvador  mine,  which  was  the 
most  important,  was  producing  400  tons  per  day.  Malcolmson  states 
that,  in  1900,  the  production  of  lead  ore  was  about  120,000  tons  per  year. 

Silver-copper  orebodies  have  been  mmed  from  the  contact  in  the 
A  &  B  (Monterrey),  San  Jose,  Fortuna,  Veta  Rica,  Deonea,  Guadalupe, 
Parrena,  Esmeralda,  Trinidad,  and  San  Salvador  mines.  They  occur 
as  a  replacement  in  the  sheared  limestone,  generally  at  or  close  to  the 
agglomerate  contact.  A  large  body  of  copper  ore  was  found  in  the  San 
Jose  claim,  which  was  very  siliceous,  and  appeared  to  be  a  replacement  of 
the  agglomerate  rather  than  of  the  sheared  limestone.  Siliceous  silver 
ore  has  been  mined  in  the  Jesiis  Maria,  San  Jose,  Providencia,  and  San 
Salvador  mines;  this  ore  has  been  of  much  importance.  Siliceous  silver- 
lead  ore  has  been  mined  in  nearly  all  of  the  principal  mines  of  the  district, 
from  the  sheared  hmestone  at  or  close  to  the  contact.  A  considerable 
tonnage  of  this  class  of  ore  has  been  contributed  to  the  production  of 
the  camp. 

Large  quantities  of  silver-lime  impregnations  have  been  mined  from 
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nearly  all  of  the  principal  mines  where  the  limestone-agglomerate  contact 
is  represented.  In  1886,  this  ore  had  not  been  discovered.  In  1889,  Mal- 
colmson  mentions  the  discovery  of  the  San  Jose  copper  orebody,  which 
was  soon  followed  by  discoveries  of  limy  silver  ore.  In  1900,  25,000 
tons  of  limy  ore  and  52,000  tons  of  sihceous  limy  ore  were  mined.  In 
1900,  the  limy  ores  were  beginning  to  be  the  mainstay  of  the  camp,  and 
since  that  time  the  relative  unportance  of  this  class  of  ore  has  increased, 
until  at  present  but  little  ore  of  any  other  class  is  produced. 

The  oxidized  zinc  ores  were  of  no  commercial  value  until  1915,  when  a 
considerable  quantity  was  produced  from  the  San  Salvador  mine;  since 
then,  important  quantities  have  been  extracted  from  the  Deonea, 
Esmeralda,  San  Salvador,  and  Atalaya  mines. 

Origin  of  Ore  Deposits 

Three  series  of  fracture  zones  have  been  recognized,  extending  in  a 
general  east-west  direction  almost  continuously  from  one  end  of  the 
camp  to  the  other.  They  were  probably  formed  partly  during  the  folding 
of  the  Hmestone,  partly  during  the  expulsion  of  the  agglomerate,  and 
partly  by  movement  of  the  agglomerate  over  the  edges  of  the  Hmestone 
beds.  It  seems  that  subsequent  to  the  movement  of  the  agglomerate  the 
mineralizers  that  formed  the  contact  deposits  rose  along  the  two  fracture 
zones  lying  to  the  north,  deposited  their  contents  to  some  extent  along 
the  fractures,  and  on  reaching  the  contact  spread  through  the  sheared 
limestone  just  under  the  agglomerate.  The  agglomerate  itself  appears 
to  have  been  impervious  to  the  solutions.  In  places,  the  solutions 
followed  upward  along  planes  in  the  sheared  limestone  before  reaching 
the  contact.  These  two  fracture  zones  have  been  designated  B  and 
C  for  the  sake  of  reference.  It  has  not  yet  been  determined  whether  the 
lead  ore  in  the  main  fracture  zone,  which  we  have  designated  as  the  A  zone, 
ascended  previous  to  the  deposition  of  the  ores  along  zones  B  and  C.  At 
any  rate,  the  quantity  of  solution  rising  along  the  A  zone  was  much 
greater  than  that  which  formed  the  combined  B  and  C  zones.  The  former 
carried  lead,  zinc,  and  iron  sulfides,  with  silver,  but  no  gold. 

North-south  and  northeast-southwest  fractures  are  seen  in  many 
parts  of  the  camp,  in  all  of  the  zones,  but  these  appear  to  have  had  no 
connection  with  the  genesis  of  the  ores.  The  lead  manto  in  the  eastern 
portion  of  the  Encantada  mine  appears  to  make  an  offset  to  the  north, 
which  may  have  been  caused  by  a  fault;  but,  if  so,  the  fault  seems  to  have 
had  no  bearing  on  the  origin  of  the  ore.  Fractures  striking  north  and 
northeast  are  seen  in  the  Encantada,  San  Salvador,  Esmeralda,  and 
Parrena  mines,  under  the  lead  manto.  In  the  San  Salvador  and  Encantada 
mines,  the  intersections  of  the  north-south  fractures  with  the  east- 
west  fractures  are  sometimes  the  locations  of  large  iron-filled  chimneys. 
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North-south  fractures  in  the  San  Salvador  mine  have  displaced  the 
mineralized  fractures  in  the  B  zone  for  short  distances. 

The  Ore  Zones 

A  Zone. — The  solutions  rising  through  the  fractures  along  the  A  zone 
replaced  certain  beds  of  limestone  for  a  width  of  from  30  m.  to  a  maximum, 
in  the  San  Salvador  mine,  of  150  m.,  and  for  a  thickness  of  2  to  30  and 
even  40  m.  It  extends  for  an  unbroken  length  of  over  4000  m.  from  east 
to  west  along  the  fracture  zone.  In  the  Fortuna  mine,  the  replacements 
have  occurred  along  three  beds  following  the  fracture  zone,  but  in  the 
San  Jose,  the  San  Salvador,  and  the  Encantada  mineS;  along  two  lime- 
stone beds;  the  question  arises  as  to  whether,  at  depths  below  those  to 
which  mining  has  yet  progressed,  other  beds  may  not  have  been  replaced 
by  the  rising  solutions.  On  encountering  the  limestone  beds  chemically 
or  structurally  favorable  for  the  deposition  of  metals,  the  solutions  worked 
out  both  north  and  south  of  the  fractures,  replacing  the  limestone  in 
both  directions.  Locally  the  orebodies  are  somewhat  irregular  in  shape, 
leaving  "horses"  of  limestone  in  the  center  of  a  highly  mineralized  mass. 
The  outlines  of  the  edges  are  irregular,  as  seen  on  the  old  maps,  but  this 
irregularity  may  have  been  due  to  impoverishment  in  grade  or  to  dimin- 
ishing thickness,  rather  than  to  actual  absence  of  mineralization. 

Cross-cuts  under  the  lead  manto  in  the  Parrena,  Esmeralda  and  San 
Salvador  mines  have  cut  iron-filled  fractures  that  have  a  strike  parallel  to 
the  lead  orebody,  and  appear  to  be  the  path  through  which  the  solutions 
ascended.  No  work  has  been  done  under  the  lead  orebodies  in  other 
mines  of  the  district,  wherefore  other  similar  fractures  have  not  been  found. 

The  lead  orebody  has  been  worked  in  an  unbroken  line  from  the 
Jesiis  Maria  mine  in  the  west  through  San  Jose,  Fortuna,  Providencia, 
Sultana,  Volcan  Dolores,  Parrena,  Esmeralda,  San  Salvador,  Encantada 
and  Fronteriza  claims,  to  the  Oriental  claims,  at  which  point  the  orebody 
practically  pinches  out.  The  working  area  in  the  Fronteriza  is  much 
narrower  than  in  the  San  Salvador,  and  the  eastern  limit  of  mineralized 
area  appears  to  have  been  reached.  There  is  a  faulted  section  in  the 
approximate  center  of  the  Jesiis  Maria  mine,  to  the  west  of  which  the 
lead  ore  has  not  been  found  in  the  A  zone,  and  investigations  so  far  have 
not  determined  whether  an  important  mineralized  area  extended  to  the 
west  beyond  this  point. 

The  deposits  in  the  A  zone  are  practically  limited  to  argentiferous  lead 
ore,  now  entirely  oxidized;  considerable  iron  pyrite  was  present,  which 
aided  the  oxidation  of  lead  and  zincsulfides.  Theleadsulfide  was  oxidized 
for  the  most  part  to  lead  carbonate  which  remained,  in  situ,  together  with 
considerable  iron ;  while  nearly  all  of  the  zinc,  large  quantities  of  iron,  and 
probably  considerable  silver  migrated  to  more  distant  points.  Extensive 
chimneys  of  irony  material,  with  lead  and  silver  contents  decreasing  with 
depth,  are  found  in  the  Esmeralda  and  San  Salvador  mines,  presumably  at 
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the  intersection  of  east-west  with  north-south  fractures.  In  the  Esmer- 
alda mine,  the  Jarocho  chimney  gradually  gave  way  to  hard  limestone,  and 
at  the  lowest  point  reached,  140  m.  below  the  lead  manto,  were  found  two 
narrow  fractures  containing  oxidized  ore  assaying  up  to  40  per  cent.  zinc. 
So  far  as  the  records  go,  no  silver  was  found  in  the  lower  part  of  the  chim- 
ney, and  one  wonders  whether  at  a  still  lower  point  silver-lime  impregna- 
tions may  not  be  found.  The  Porvenir  chimney  in  the  San  Salvador  mine 
reached  a  depth  of  105  m.  below  the  main  lead  manto,  without  finding  the 
limit  of  the  irony  material;  the  lead  and  silver  contents  had,  however, 
almost  disappeared.  On  the  fourth  level,  or  80  m.  below  the  manto,  a  north- 
east fracture  extending  out  from  the  Porvenir  chimney  was  found  to  be 
filled  with  zinc  carbonate  assaying  about  40  per  cent.  zinc.  On  the 
third  level  of  the  San  Salvador  mine,  a  cross-cut  was  driven  for  about  30 
m.  to  the  south  in  a  body  of  ferruginous  material,  which  showed  an 
almost  total  absence  of  lead  and  silver.  The  southern  limit  of  this  iron 
body  had  not  been  reached  when  work  was  suspended  at  that  point. 

In  the  Esmeralda  mine,  there  is  a  body  of  oxidized  zinc  ore  on  the 
southern  edge  of  the  A  zone,  which  appears  to  be  a  replacement  of  the 
same  bed  of  limestone  that  is  replaced  by  the  lead  ore  farther  to  the  north. 
The  Hmestone  beds  here  change  from  their  south  dip  to  a  slightly  north- 
erly dip,  on  the  slope  of  which  the  zinc  ore  was  found.  This  ore  is  entirely 
oxidized,  and  assays  22  per  cent,  zinc  and  1  per  cent,  lead,  with  low  silver. 

In  the  Encantada  mine  is  a  large  body  of  oxidized  zinc  ore  assaying 
about  18  to  22  per  cent,  zinc,  which  appears  to  be  a  replacement  of  the  lime- 
stone bed,  lying  under  and  parallel  with  the  main  lead  manto.  There  is 
said  to  be  upwards  of  1,000,000  tons  of  this  low-grade  zinc  ore  in  this 
mine,  which  in  the  western  part  of  the  property  extends  into  the  San 
Salvador  and  Atalaya  mines. 

In  the  A  zone,  oxidized  lead  ores,  mixed  with  considerable  free 
sulfur,  have  been  found  at  various  points.  There  now  remains  a  small 
body  of  this  ore  in  the  Esmeralda  mine  which  assays  approximately 
350  gm.  silver,  15  per  cent,  lead,  and  50  per  cent,  sulfur.  Attempts 
have  been  made  to  sublime  the  sulfur  with  varying  degrees  of  success. 

B  Zone. — The  B  zone  lies  to  the  north  of  the  A  zone,  paralleHng  it 
from  east  to  west;  in  the  Encantada  and  San  Salvador  mines,  the  mineral- 
ization along  its  southern  edge  almost  reaches  the  northern  limit  of  the 
A  zone.  The  orebodies  in  this  zone  are  found  along  the  contacts  or  in  the 
sheared  limestone  dipping  to  the  north.  Lying  in  places  immediately 
under  the  contact,  and  in  other  places  at  a  considerable  distance  below 
the  contact,  are  found  silver  impregnations  in  the  limestone.  As  a  rule 
siliceous  sQver-lead  ore  is  found  along  the  contact,  or  along  planes  in  the 
sheared  limestone  paralleling  the  contact,  while  beneath  the  siliceous 
lead  ore  are  found  the  silver  impregnations  either  in  the  sheared  lime- 
stone, or  in  the  bedded  limestone  under  it.  In  the  San  Salvador  mine, 
the  Hallazgo  silver-lime  stope  extends  to  a  depth  of  50  m.  below  the 
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contact;  as  a  rule,  however,  the  silver-Ume  seldom  extends  deeper  than 
25  or  30  m.  below  the  contact.  In  the  Esmeralda  and  Volcan  Dolores 
mines,  the  orebodies  that  possibly  existed  in  the  B  zone  close  to  the  A 
zone  have  been  partly  eroded,  leaving  only  the  northern  portion  of  the 
ore,  which  is  therefore  separated  40  to  60  m.  from  the  A  zone  orebodies. 
Farther  to  the  west  in  the  Veta  Rica,  Fortuna,  San  Jose,  and  Jesus  Maria 
mines,  the  northern  edge  of  the  A  zone  and  southern  edge  of  the  B  zone 
are  very  close;  and  in  places  the  B  zone  overlaps  the  A  zone.  No  mining 
has  been  done  in  the  B  zone  in  the  Sultana  and  Providencia  mines.  The 
ore  in  the  Sultana  may  possibly  have  been  eroded  but  in  the  Providencia 
mine  it  would  appear  hkely  that  ore  should  be  discovered  by  properly 
directed  prospecting. 

Practically  all  of  the  ore  in  the  B  zone  is  oxidized.  In  the  Encantada 
mine  near  the  San  Salvador  line,  a  small  amount  of  primary  sulfide  is 
found.  Lead-zinc  sulfide  is  also  found  in  small  patches  in  the  Veta  Rica 
above  the  fourth  level,  while  in  the  Jesiis  Maria  mine  a  fracture  is  seen 
filled  with  primary  iron-lead-zinc  sulfide  which  has  a  thickness  of  about 
0.5  m.  and  has  been  followed  for  50  m.  in  length.  These  sulfide  orebodies 
are  always  small  and  seldom  of  economic  importance.  In  the  Veta  Rica 
and  San  Salvador  mines,  there  are  extensive  areas  containing  fractures 
filled  with  barite,  accompanied  in  some  places  by  sphalerite,  but  without 
any  appreciable  amount  of  iron.  This  ore  yielded  less  readily  to  the 
oxidizing  influences  than  the  sulfides  containing  much  iron. 

In  the  Deonea  mine  is  a  considerable  body  of  oxidized  zinc  ore,  assay- 
ing 30  to  35  per  cent,  zinc,  with  low  silver  and  lead  contents.  This  ore 
occurs  on  the  south  slope  near  the  low  point  in  the  trough  at,  or  below, 
the  contact,  and  has  been  mined  to  a  considerable  extent  during  the  past 
two  years.     Calcination  raises  the  grade  to  approximately  40  per  cent.  zinc. 

There  are  two  fractures  with  northeast  strike  in  the  I-mine  through 
which  solutions  reached  the  contact  and  deposited  their  contents.  The 
fractures  themselves  have  been  worked  for  lead  and  zinc  ores,  both  of  which 
are  oxidized,  and  in  places  are  found  mingled  to  such  an  extent  as  to  require 
admixture  of  clean  lead  ore  to  reduce  the  smelter  penalty  on  zinc.  The 
fracture  in  the  Jesiis  Maria  mine,  filled  in  one  section  with  primary  sulfide, 
is  probably  one  of  the  sources  of  mineralization  along  the  B  zone  in  this 
mine.  This  fracture  extends  eastward  through  the  San  Jose  mine,  where 
it  is  known  as  the  San  Jose  fissure,  and  through  the  Fortuna  into  the  Veta 
Rica  mine  where  the  Camilo  Orozco  y  Maria  stopes  were  worked.  The 
Providencia  to  the  east  has  not  been  sufiiciently  explored  to  determine 
whether  this  fracture  continues  eastward  beyond  the  Veta  Rica  mine. 
The  Washington  fracture  in  the  Veta  Rica  mine,  extending  westerly  into 
the  San  Jose,  and  easterly  into  the  Deonea  mine,  is  probably  the  source 
of  part  of  the  minerahzation  along  the  B  zone  in  the  San  Jose,  Fortuna 
and  Deonea  mines,  while  the  southernmost  portion  of  the  zone  in  these 
mines  has  been  filled  from  the  San  Vicente  and  the  Orozco-San  Juan 
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fractures.  The  San  Vicente  fracture  extends  east  into  the  Veta  Rica  and 
west  into  the  San  Jose  mine;  in  the  Fortuna  and  Veta  Rica  mines  it 
contains  large  lead  orebodies  along  its  walls.  It  is  clearly  seen  to  extend 
up  to  the  agglomerate  contact,  which  it  follows  to  the  surface,  though  it 
does  not  produce  ores  at  the  surface. 

Fractures  of  the  B  zone  in  the  Esmeralda  mine  are  not  clearly  defined 
in  connection  with  the  contact  orebodies.  In  the  San  Salvador  mine, 
however,  the  Santa  Gertrudis  and  the  Old  Find  fractures  are  distinct. 
The  Santa  Gertrudis  fracture  can  be  followed  underground  by  stopes  and 
exploratory  workings  across  almost  the  fuU  length  of  the  San  Salvador 
mine.  This  fracture  is  again  seen  in  the  western  part  of  the  Encantada 
mine,  125  m.  below  the  surface,  where  small  patches  of  primary  sulfides 
are  in  evidence. 

Practically  all  of  the  fractures  in  the  B  zone  dip  to  the  north  at  angles 
of  30°  to  60°,  and  in  some  cases  become  almost  vertical.  As  a  rule,  they 
pass  through  the  sheared  limestone  up  to  the  agglomerate  contact  where 
they  flatten  to  conform  to  the  contact  dip. 

Along  the  B  zone  there  is  a  fracture  in  the  agglomerate  in  the  Veta 
Rica  mine,  from  which  some  argentiferous  lead  ore  has  been  mined,  but 
the  quantity  and  grade  were  too  low  to  make  this  of  any  importance. 
The  first  workings  in  this  mine  are  said  to  have  been  driven  on  this 
agglomerate  fracture. 

The  B  zone  explorations  have  been  carried  to  the  east  only  a  short 
distance  in  the  Encantada  mine.  It  remains  to  be  seen  whether  the 
eastern  portion  of  the  Encantada  mine,  as  well  as  the  Fronteriza  mine 
farther  east,  will  yield  ore  along  the  contact  as  far  east  as  the  lead  ore 
manto,  or  A  zone,  that  is,  to  the  Oriental  claim.  At  least  this  area 
appears  worthy  of  being  prospected.  Work  on  the  B  zone  has  been 
carried  to  the  west  through  about  one-half  the  length  of  the  Exploradora 
claim,  and  ore  has  been  extracted  for  this  distance.  Farther  west  there  is 
an  area  practically  unprospected  until  the  I-mine  is  reached,  where  impor- 
tant limy  silver  orebodies  have  been  worked. 

C  Zone. — This  lies  about  125  m.  to  the  north  of  the  B  zone  in  the  San 
Salvador  and  Esmeralda  mines.  It  is  represented  by  the  North  San 
Salvador  and  the  Trinidad  channels  in  the  San  Salvador  mines,  and  by 
the  Norte  Oriente  stopes,  a  continuation  of  the  North  San  Salvador 
channel  westward  into  the  Esmeralda  mine.  In  the  Deonea,  Veta 
Rica,  and  San  Jose  mines,  this  zone  is  wider  than  in  the  San  Salvador, 
and  to  the  south  reaches  practically  to  the  B  zone.  The  relations  in  the 
Deonea  and  Veta  Rica  mines  are  such  that  it  is  difficult  to  distinguish 
definitely  between  the  two  zones,  as  they  appear  to  be  connected  by 
diagonal  fractures. 

The  orebodies  of  the  C  zone,  as  in  all  of  the  contact  deposits,  while 
locally  irregular,  are  quite  persistent  over  the  zone  as  a  whole.  The  out- 
lines of  the  stopes  are  very  crooked,  because  of  the  irregular  manner  in 
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which  secondary  deposition  of  silver,  and  in  some  cases  copper,  has  taken 
place  in  the  sheared  limestone  and  in  the  bedded  limestone  below  the 
original  contact  orebodies.  The  outside  limits  of  the  stopes  do  not 
necessarily  represent  the  absence  of  mineralization. 

No  work  has  been  done  on  this  zone  in  the  Encantada  or  Fronteriza 
claims  to  the  eastward,  but  as  the  zone  is  so  persistent  through  the  central 
portion  of  the  district,  paralleling  in  a  general  way  the  A  and  B 
zones,  there  would  appear  to  be  good  prospective  value  in  the  San  Salva- 
dor, Encantada,  and  Fronteriza  claims  approximately  as  far  eastward  as 
the  A  zone  has  been  worked.  The  C  zone  has  been  worked  in  the  Nuevo 
Almaden  and  Deonea  claims,  but  there  is  an  area  of  unprospected  ground 
in  the  western  part  of  the  Nuevo  Almaden  claim,  and  a  large  area  in  the 
eastern  section  of  the  Deonea  claim  which  appears  to  be  very  inviting. 
The  Eleno,  Angel  and  Judrez  stopes  along  this  zone  in  the  western  part  of 
the  Deonea  claim  were  very  productive. 

The  Jacobino-Liberales,  San  Francisco,  Novios,  Alvarez  and  other 
stopes  along  this  zone  in  the  Veta  Rica  mine  produced  large  quantities  of 
rich  ore.  The  San  Francisco  and  Novios  stopes  extend  westward  into 
the  Guadalupe  mine.  There  is  an  area  of  either  barren  or  insujB&ciently 
explored  ground  in  the  western  part  of  the  Guadalupe  and  Blanca  claims, 
where  no  ore  of  consequence  has  been  extracted.  Farther  to  the  west 
the  extension  of  the  C  zone  is  found  in  the  A  and  B  claims  of  the  Monterrey 
mines,  beyond  which  point  explorations  have  not  been  carried . 

A  considerable  body  of  oxidized  zinc  ore  has  been  extracted  from  the 
Ruben  stope  of  the  Deonea  mine  along  the  line  of  the  Eleno  fracture .  in 
the  C  zone.  This  ore  assayed  about  30  per  cent,  zinc  as  mined,  and  was 
calcined  to  38  or  40  per  cent,  zinc  for  shipment.  This  appears  to  be  a 
body  of  ore  which  has  migrated  from  the  original  deposition  of  lead-zinc 
sulfides  higher  in  the  Eleno  stope.  A  fracture  is  found  in  the  San  Jose 
mine  which  appears  to  have  mineralized  the  stopes  along  the  C  zone.  Well- 
defined  fractures  have  not  as  yet  been  found  in  the  Guadalupe  claim, 
along  the  C  zone.  In  the  Veta  Rica  mine  the  Jacobino-Liberales  fracture 
has  been  followed  on  the  sixth  level  to  the  east  under  the  mineralized  zone, 
and  is  found  to  enter  the  Deonea  mine,  where  it  is  known  as  the  Eleno  frac- 
ture. This  fracture  occurs  at  the  lowest  point  of  an  east-west  trough  in 
the  contact  in  the  Veta  Rica  mine,  where  on  the  sixth  level  it  is  well  defined. 
The  lower  part  seen  here  is  filled  with  oxidized  iron  and  lead  minerals, 
containing  little  silver.  There  appears  to  be  a  possibility  of  discovering 
secondary  silver  ore  below  the  fracture  at  this  point.  Along  the  same 
zone  in  the  Deonea  mine  may  be  seen  the  Angel  and  Victoria,  or  Juarez, 
fractures,  which  have  produced  large  and  important  orebodies.  All  of  these 
fractures  have  been  lost  in  the  Deonea  mine  at  about  the  center  of 
the  property,  and  little  work  has  been  done  in  the  eastern  section  to 
relocate  them . 
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Farther  east,  in  the  Nucvo  Ahnadeu  mine,  two  fractures  are  seen,  the 
southernmost  of  which  dii)S  about  45°  south^  practically  following  the 
bedding  planes  of  the  limestone,  and  filled  with  lead  ore.  This  fracture  has 
not  been  followed  upward  as  far  as  the  sheared  limestone  or  the  contact; 
therefore,  we  have  no  knowledge  of  the  deposits  along  that  horizon.  This 
fracture  can  be  followed  into  the  Trinidad  claim  where  large  stopes  of 
lead  and  copper  ore  were  extracted.  The  northerly  fracture  in  the 
Nuevo  ALmaden  has  produced  both  lead  ore  and  limy  ore;  and  it  appears 
to  connect  with  the  Trinidad  stopes,  although  it  has  not  been  followed  to 
the  east  the  entire  distance. 

A  fracture  is  found  in  the  Norte  Oriente  orebody,  and  the  mineraliza- 
tion continues  to  the  west  into  the  Nuevo  Almaden  mine,  though  it  is  not 
verj?^  important,  and  to  the  east  into  the  large  lead  and  lime  orebodies 
along  the  North  San  Salvador  channel.  At  the  interior  shaft  in  the  San 
Salvador  mine,  there  is  a  fracture  in  the  North  San  Salvador  channel, 
which  dips  to  the  south  and  is  filled  with  oxidized  lead  ore.  In  one  or 
two  northeast-southwest  fractures  crossing  this  channel  a  small  tonnage 
of  ore  assaying  approximately  40  per  cent,  zinc  has  been  mined.  There  is  a 
south-dipping  fracture  in  the  eastern  part  of  the  San  Salvador  mine, 
reached  from  the  east  drift  of  the  No.  1  shaft,  below  which  some  oxidized 
silver-lead  ore  has  been  mined.  This  fracture  is  in  the  supposed  prolonga- 
tion of  the  Trinidad  channel  to  the  east,  and  it  would  be  interesting  to 
know  whether  orebodies  will  be  encountered  near  the  contact  where  the 
fracture  is  followed. 

Small  amounts  of  ore  have  been  mined  from  the  points  north  of  the 
generally  accepted  limits  of  the  C  zone,  in  the  Vulcano,  No.  10,  and  Trini- 
dad mines.  The  exploration  work  to  the  north  of  the  C  zone  has  been  of  a 
negative  character,  but  the  small  orebodies  found  indicate  that  this  area 
is  not  entirely  barren  of  mineralization. 

The  fracturing  along  the  B  zone  follows  closely  the  variations  of 
strike  in  the  A  zone,  and  where  prospecting  has  been  done  along  the  B 
zone,  contact  orebodies  and  lime  impregnations  have  been  discovered. 
The  ground  along  this  zone  as  far  as  the  east-west  limits  of  the  A  zone, 
where  not  already  worked,  would  appear  to  have  good  prospective  value. 
The  same  observations  may  be  made  as  to  the  C  zone,  which  parallels 
approximately  the  A  and  B  zones,  and  has  produced  ore  in  nearly  all 
places  where  it  has  been  well  prospected.  The  unprospected  ground 
along  this  zone  would  therefore  appear  to  justify  exploration. 

Character  of  Ore 

The  ore  mined  from  the  lead  manto  in  the  first  10  years  of  production 
was  undoubtedly  selected,  and  probably  assayed  approximately  as 
shown  in  the  accompanying  table.     The  character  had  changed  somewhat 
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at  the  time  of  Malcolmson's  paper,^  the  average  assay  for  1900  being  given 
in  the  table. 


Silver,  Lead,       j       Iron,  CaO         Insoluble,  !    Copper, 

Grams       Per  Cent.  |  Per  Cent.     Per  Cent,  i  Per  Cent.     Per  Cent. 


First  10  years 600  25  35 

1900  average \  290  !       15  36 

Lime  ore,  average . .  j  800  |         1  3 

Copper  ore,  average  ....  1000  1  8 


5 

5 

35 

18 


15 
16 
10 
25 


Production 

Records  of  production  have  not  been  carefully  kept,  especially  during 
the  early  years.  In  1893,  the  American  Consul  stated  that  up  to  Oct.  1, 
1892,  the  production  had  amounted  to  approximately  500,000  tons  of  ore 
(probably  almost  entirely  lead  ore)  and  85,000  tons  of  lead  bullion  had 
been  smelted  in  the  district.  JMalcolmson  states  that  between  1890 
and  1900  the  tonnage  averaged  approximately  200,000  tons  per  year,  and 
gives  an  estimate  of  3,000,000  tons  as  the  production  between  1886  and 
1900.  The  total  production  of  lead  ore  to  the  end  of  1920  has  probably 
been  between  3,000,000  and  3,500,000  tons,  and  of  copper  and  silver- 
lime  ore,  1,500,000  to  2,000,000  tons,  the  combined  value  of  which  totaled 
between  $50,000,000  and  $75,000,000  (U.  S.  Cy.). 

Prospecting 

The  lead  ore  in  the  A  zone  was  comparatively  easy  to  follow,  and  no 
special  ability  was  required  to  discover  the  orebodies  and  extract  them 
as  far  as  profitable  to  do  so.  The  contact  ores  have  been  less  easy  to 
follow,  owing  to  their  comparative  irregularity,  but  by  following  the 
contact  or  the  planes  in  the  sheared  limestone  within  the  areas  of  the 
zone  limits,  the  prospecting  work  can  be  reduced  to  a  minimum.  For 
many  years  this  work  was  carried  out  in  a  most  haphazard  fashion, 
owing  to  the  lack  of  knowledge  regarding  the  occurrence  of  the  ore,  but  it 
can  now  be  done  with  greater  intelligence.  The  limy  silver  ores  were  also 
found  by  prospecting  in  a  hit-or-miss  fashion,  but  are  now  prospected  by 
confining  work  within  the  hmits  of  the  zone  areas,  working  within  the 
sheared  limestone  or  in  the  bedded  limestone  for  a  short  distance  below 
the  former.  For  the  most  part,  these  lime  impregnations  have  seldom 
been  found  to  extend  more  than  25  m.  below  the  contact,  or  below  the 
sheared  limestone;  wherefore  prospecting  should  be  confined  to  a  block 
lying  horizontally  within  the  zone  hmits,  and  vertically  within  25  m.  of 


^  Trans.  (1902)  32,  103. 
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the  contact.  Lime  stopes  in  a  few  cases  have  been  extended  50  m.  or 
more  below  the  contact,  but  the  upper  portions  will  nearly  always  be  found 
within  25  m.  of  the  contact. 

Diamond  drilling  is  not  suitable  for  prospecting  the  lead  fractures 
because  of  loss  of  water  and  caving  of  holes.  Within  the  limestone, 
where  lime  impregnations  are  being  searched  for,  there  is  no  reason  why 
the  entire  area  being  prospected  cannot  be  diamond  drilled,  after  drifts 
have  been  extended  lengthwise  of  the  zones.  In  the  I-mine,  several  such 
holes  were  drilled  in  1910,  whereby  at  least  one  orebody  was  discovered. 

Future  of  District 

Observations  at  the  present  time  lead  to  the  conclusion  that  the 
future  of  the  district  lies  in  exploiting  the  contact  ore  zones,  together  with 
underlying  silver-lime  impregnations.  It  may  also  become  profitable  to 
mine  the  low-grade  oxidized  zinc  ore,  of  which  a  large  tonnage  is  now 
available  in  the  Encantada  and  San  Salvador  mines,  but  this  can  be 
done  profitably  only  after  some  means  of  concentrating  the  ore  locally 
has  been  developed.  There  are  considerable  areas  in  the  western  part  of 
the  camp  along  the  B  and  C  zones  that  have  been  imperfectly  worked, 
also  in  the  Providencia,  Deonea,  Nuevo  Almaden,  Esmeralda,  San  Salva- 
dor, Encantada  and  Fronteriza  mines,  in  which  it  is  reasonable  to  expect 
to  find  considerable  tonnages  of  siliceous-lead  and  Umy  silver  ores,  and 
also  possibly  silver-copper  ores.  There  is  considerable  tonnage  of  low- 
grade  limy  ore  in  the  Esmeralda  and  San  Salvador  mines  which  it  might 
pay  to  extract  if  mined  in  large  quantity,  at  low  cost.  Tests  have  shown 
that  some  of  this  ore  is  amenable  to  cyanidation. 

Prospecting  north  of  the  C  zone,  both  underground  and  by  diamond 
drills,  has  given  negative  results.  It  is  not  conclusive,  however,  that 
other  orebodies  will  not  be  found  north  of  any  orebodies  so  far  exploited. 

The  extensive  lead  manto,  once  the  principal  mainstay  of  the  camp, 
is  practically  exhausted.  There  appears  to  be  no  geological  reason  why 
another  bed  of  limestone  favorable  for  deposition  of  lead  ore  may  not  be 
found  below  the  present  worked  bed,  and  diamond  drilling  could  well  be 
employed  to  determine  this  point.  The  migration  of  the  silver  from  the 
extensive  lead  manto  to  lower  points  could  well  be  investigated.  The 
lead-bearing  orebody  was  so  extensive  that  very  large  quantities  of  silver 
may  have  been  carried  off,  and  if  deposited  in  a  concentrated  form  would 
generate  large  and  extensive  ore  deposits.  No  exploration  work  of  conse- 
quence has  been  done  to  the  south  of  the  main  lead  manto,  although  there 
seems  to  be  no  reason  to  preclude  the  possibility  of  another  fracture  zone 
south  of  the  A  zone. 

Some  lead  and  zinc  ore  has  been  mined  from  local  fractures  in  the 
Atalaya  claim,  south  of  the  generally  accepted  ore  limits,  which  leads  to 
interesting  speculation  as  to  the  existence  of  orebodies  at  some  depth 
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below  the  present  surface,  or  possibly  to  the  former  existence  of  orebodies 
now  eroded. 

DISCUSSION 

W.  W.  Shelby,  Esmeralda,  Coah.,  Mexico  (written  discussion). — 
Some  more  recent  work  done  in  the  virgin  ground  of  eastern  Deonea 
mine  has  disclosed  a  rather  unique  orebody.  This  work  consists  of  the 
prospecting  of  the  principal  east-west  fracture  of  the  C  zone.  The 
fracture  has  a  well-defined  hanging  wall,  but  no  definite  foot  wall. 
The  C  zone  fractures  generally  form  silver-lime  orebodies  of  considerable 
size.  They  are  found  from  the  contact  to  about  25  m.  below,  but  more 
often  do  not  extend  more  than  10  m.  below. 

In  the  190  m.  of  drift  that  has  been  run  on  this  fracture,  a  practically 
continuous  orebody  has  been  found.  This  ore  is  a  silver-bearing  lead 
carbonate  with  more  or  less  iron.  As  the  iron  increases  the  lead  and 
silver  decrease  in  value.  It  occurs  as  a  nearly  horizontal  oreshoot, 
paralleling  the  east-west  dip  of  the  agglomerate  contact,  but  30  m.  below 
the  contact.  In  the  several  raises  that  have  developed  the  fracture  above 
this  oreshoot,  no  lime  ore  has  been  found.  There  is  no  apparent  reason 
why  the  lead  ore  was  deposited  at  this  distance  below  the  contact  with 
barren  lime  above  it.  In  places  there  are  chimneys  of  a  low-grade  irony 
lead  extending  down  from  the  ore  horizon,  but  they  are  too  low  grade  to 
be  mined.     These  chimneys  carry  about  45  per  cent.  iron. 

The  unimportance  of  the  post-mineral  faults  is  again  shown.  A 
north-south  fault  displaces  the  fracture  only  2  meters. 

Basil  Prescott,  El  Paso,  Texas  (written  discussion). — This  paper 
summarizes  the  situation  in  that  camp  in  a  clear  concise  manner.  The 
division  of  the  mineralized  area  into  three  zones,  A,  B,  and  C,  while 
somewhat  arbitrary,  is  useful  and  will  undoubtedly  become  part  of  the 
terminology  of  the  district.  The  conclusion  that  thorough  and  systematic 
prospecting,  confined  to  the  zones  indicated,  wiU  yield  a  maximum  result 
is  undoubtedly  correct,  though  the  zones  might  be  subdivided  in  many 
instances  and  the  area  warranting  intensive  prospecting  reduced  to 
definite  parts  of  the  zones  along  certain  definite  fissures. 

Other  factors,  not  especially  emphasized  in  this  paper,  enter  into  the 
localization  of  the  ore  deposits.  Throughout  the  central  part  of  the 
district,  the  trace  of  the  hmestone  bedding  planes  on  the  east-west 
fissures  is  approximately  parallel  to  the  contact,  so  that  the  preferential 
action  of  certain  beds  over  others  is  not  particularly  obvious;  but  toward 
the  eastern  end  of  the  district,  it  becomes  apparent  that  the  position  of 
the  orebodies  on  the  fissures  is  controlled  by  the  character  of  the  sedi- 
mentaries.  This  appHes  only  to  the  lead  deposits  of  the  A  zone  as  neither 
B  nor  the  C,  as  the  author  points  out,  have  been  followed  to  the  extreme 
eastern  end  of  the  camp. 
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The  position  of  an  orebody  in  space  must  be  defined  in  three  directions. 
The  position  along  a  north-south  coordinate  is  controlled,  at  Sierra 
Mojada,  by  those  east-west  fissures  that  the  author  has  grouped  in  zones. 
The  position  along  the  strike  is  controlled  by  those  obscure  and  sometimes 
undeterminable  factors  that  govern  the  localization  of  oreshoots  along 
fissures  and  veins.  The  vertical  component  is  controlled  chiefly  by  the 
temperature  and  pressure  at  the  time  of  deposition  and,  to  a  minor 
extent,  within  the  limits  of  favorable  physical  factors,  by  the  character 
of  the  country  rock.  It  is  with  regard  to  this  third  component,  particu- 
larly to  the  range  of  physical  conditions  and  the  controlling  factors,  that 
Sierra  Mojada  presents  features  of  interest  to  the  engineer  and 
economic  geologist. 

The  lower,  or  northern,  Hmit  of  the  C  zone  marks  the  approximate 
line  of  intersection  between  the  top  of  an  underlying  limestone  and  shale 
series  and  the  agglomerate.  This  underlying  formation,  where  exposed 
in  the  mine  workings,  is  composed  of  limestone  that  would  not  be  judged 
unfavorable  for  replacement  by  mineralizing  solutions,  with  exceptionally 
heavy  selvages  or  shale  layers  along  the  bedding  planes.  These  shale 
layers,  in  some  instances,  have  an  exposed  thickness  of  over  1  m.,  though 
in  general  the  series  is  composed  of  thinly  bedded  limestones,  alternating 
with  heavy  selvages.  These  beds,  through  the  west  central  part  of  the 
camp,  probably  He  with  the  average  dip  slightly  to  the  south,  though  at 
many  points  they  are  rather  intricately  faulted  and  are  contorted  into 
sharply  compressed  folds  which,  while  maintaining  generally  an  east-west 
strike,  yield  any  desired  dip.  This  change  in  the  character  of  the  country 
rock  was  not  beneficial  to  mineralization  and  the  contact,  below  the  point 
where  it  is  first  found,  is  tight  and,  as  a  rule,  economically  so  uninteresting 
that  little  investigating  has  been  done  in  the  area.  Probably  it  is  this 
changed  country  rock  that  controlled  the  limits  of  mineralization  to  the 
north,  rather  than  that  the  northern  edge  of  the  zone  of  east-west  Assuring 
has  been  reached,  for  in  several  places  fissures  apparently  as  well  developed 
as  those  that  are  orebearing  farther  up  the  contact  can  be  found  north 
of  the  economic  ore. 

There  is  a  sHghtly  developed  tendency  toward  the  same  shaly  lime 
beds  in  the  San  Francisco  canon  nearby  at  a  higher  horizon  in  the  mine 
workings;  and  there  is  an  outcrop  in  which  single  layers  of  the  shales 
reach  a  thickness  of  20  ft.  Probably  this  formation  indicates  a  transition 
with  depth  to  a  shale  series,  but  there  is  no  data  as  to  the  thickness  of  the 
transitional  beds  nor  certainty  of  the  existence  of  the  shales  below.  It  is 
said  that  diamond-drill  holes  showed  shales  below  the  limestone  and  also 
a  distinct  underlying  formation ;  but  as  there  are  no  records  of  that  work 
no  reliance  can  be  placed  on  such  reports.  On  the  other  hand,  while 
relatively  few  exposures  of  the  shaly  hmestone  series  are  to  be  found  in 
the  immediate  district  and  there  is  a  dearth  of  knowledge  of  the  conditions 
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below,  such  transitions  with  depth  are  not  unexpected  on  the  Mexican 
plateau  and  are  often  attended  by  unfavorable  effects  on  the  ore 
deposits. 

The  occurrence  of  the  ore  above  the  agglomerate  and  under  the  lime 
breccia  that  caps  La  Blanca  Hill  is  noteworthy,  as  it  Hes  at  least  200  m. 
north  of  the  northern  Hmits  of  the  C  zone.  La  Blanca  Hill  is  a  remnant 
of  a  previous  erosion  surface  composed  of  agglomerate  up  to  within  a  few 
meters  of  its  top,  capped  by  a  limestone  breccia  derived  from  the  main 
sierra  to  the  south,  with  an  ore  deposit,  said  to  have  been  the  original 
discovery  of  the  carnp,  between  the  agglomerate  and  the  overlying 
reworked  limestone.  This  ore  apparently  lies  along  the  same  Assuring 
that  yielded  a  small  amount  of  ore  in  the  lowermost  workings  of  the 
volcano,  along  the  contact  between  the  limestone  and  the  overlying 
agglomerate,  about  1000  ft.  (305  m.)  below  the  top  of  La  Blanca  Hill. 
In  this  case,  it  seems  apparent  that  the  release  of  temperature  and  pressure 
was  not  sufficient  at  the  lower  contact  between  the  tight  lime  and  shale 
series  and  the  agglomerate-  to  cause  heavy  deposition,  nor  was  this 
accomplished  in  the  agglomerate  itself,  the  mineralization  apparently 
staying  in  solution  until  the  upper  contact  was  reached.  The  possibility 
of  the  mineralizer  passing  along  a  fissure  in  the  agglomerate,  about  1500 
ft.  south  of  this  point  and  east  of  the  Veta  Rica  claim,  on  a  higher  part 
of  the  contact  but  at  about  the  same  approximate  elevation  as  the  La 
Blanca  occurrence,  is  supported  by  the  fact  that  an  east-west  fissure  was 
mineralized  in  the  agglomerate  for  at  least  100  ft.  above  the  contact  and 
the  ore  outcrops  on  the  surface  in  an  arroyo.  This  occurrence  seldom 
reached  economic  width  and  grade  but  attempts  to  stope  it  at  various 
points  have  been  made. 

Along  the  lower  edge  of  the  C  zone,  the  east-west  fissures  reaching 
the  contact  between  the  shale-lime  beds  and  the  agglomerate,  which  are 
cut  and  faulted  by  cross  fractures  extending  into  the  agglomerate,  appear 
to  have  been  mineralized  farther  to  the  north  than  those  not  affected  by 
cross  breaks;  and  it  seems  probable  that  the  lower  edge  of  the  C  zone, 
when  worked  out,  will  be  more  irregular  than  is  now  apparent. 

The  southern  limit  of  the  A  zone  has  already  shown  some  irregularity 
and  it  cannot  be  said  that  the  non-existence  of  ore-bearing  fissures  in  the 
south  has  been  established.  Toward  the  east,  there  is  evidence  that 
an  upper  ore-bearing  horizon  that  lay  south  of  the  present  limits  of  the 
A  zone  has  been  eroded;  in  the  Fortuna  ground,  the  indications  on  upper 
horizons  to  the  extreme  south  are  still  favorable;  and  well  into  the  heart 
of  the  sierra,  east-west  fissures  outcrop  on  the  surface  though  no  mineral 
has  been  discovered  along  them.  It  would  seem,  therefore,  that  while 
the  three  zones  established  group  in  a  concise  manner  the  present  known 
ore  deposits,  it  would  be  inadvisable  to  assume  that  these  necessarily 
mark  the  extreme  limits  of  the  ore-bearing  ground. 
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As  the  paper  states,  the  mineralizing  solutions  rose  along  the  east- 
west  fissures  and  deposited  on  the  contact  and  in  the  limestone  usually 
only  a  short  distance  below  it.  This  can  be  established  beyond  question 
at  a  number  of  widely  scattered  points.  The  fissures  of  other  courses, 
often  very  prominent,  are  seldom  of  interest  and  then  only  as  faults  or 
channels  of  secondary  action;  the  supposition  that  the  mineral  was 
introduced  upward  along  the  contact  from  some  point  farther  north  under 
the  valley  has  little  to  recommend  and  less  to  support  it,  and  develop- 
ment carried  out  with  this  hypothesis  as  a  basis  has  yielded  poor  results. 
In  many  instances,  however,  as  the  east-west  'fissures  approach  the 
sheared  limestone  and  the  contact,  the  solutions  followed  this  zone  for 
some  distance,  depositing  in  bodies  parallel  to  the  contact. 

In  most  limestone  deposits,  many  fissures  are  found,  often  with  a 
most  marked  effect  on  the  distribution  of  the  ore,  which  show  no  move- 
ment or  dislocation  of  their  walls;  in  fact,  in  many  instances,  the  absence 
of  these  features  is  a  characteristic  of  the  premineral  fissures.  At 
Sierra  Mojada,  the  important  premineral  fissures  seem  to  show  at  least 
minor  displacement  and  evidence  of  movement,  and  in  this  particular 
the  district  differs  from  most  limestone  camps  of  Mexico. 

From  the  orebodies  found  along  the  contact,  from  La  Blanca  occur- 
rence, and  from  the  ore  deposit  in  the  fissure  in  the  agglomerate,  it  is 
apparent  that  the  volcanic  agglomerate  antedates  the  mineralization;  and 
a  study  of  the  surface  readily  establishes  that  the  topograph}'-  and  the 
surface  at  the  time  of  deposition  could  not  have  been  far  different  from 
that  now  existing.  It  follows  that  the  ore  deposition  took  place  at  an 
extremely  shallow  depth  below  the  surface;  this  is  one  of  the  unique 
features  of  the  ore  deposits  of  Sierra  Mojada,  and  one  in  which  it  differs 
from  all  other  well-known  limestone  deposits  in  Mexico.  The  valley 
between  the  Sierra  Mojada  and  the  Sierra  Planchada  has  suffered  some 
erosion  since  mineralization  took  place,  but  it  is  doubtful  whether  the 
surface  at  that  time  was  far  above  the  top  of  La  Blanca  HiU.  No  strong 
faulting  is  now  known  parallel  to  the  orebodies  and  the  range  that  could 
seriously  confuse  or  vitiate  this  conception,  so  we  are  forced  to  conclude 
that  the  deposition  took  place,  in  many  instances,  at  a  depth  not  greater 
than  1000  to  1500  ft.  and  may  have  taken  place,  in  certain  instances,  at 
a  shallower  depth. 

The  total  vertical  range  of  mineralization,  as  exposed,  is  extremely 
small  for  such  extensive  orebodies.  From  east  to  west,  theie  is  a  con- 
siderable difference  in  elevation,  possibly  1500  ft.,  the  eastern  end  being 
the  lower;  but  on  any  one  north-south  section,  the  total  range  will  prob- 
ably not  exceed  800  ft.;  and  at  any  single  point,  the  range  of  economic 
primary  ore  will  probably  not  exceed  300  ft.,  with  the  usual  maximum 
more  nearly  one-half  that  amount.  This  condition  is  what  would  be 
expected,  if  the  conclusion  regarding  the  position  of  the  surface  at  the 
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time  of  mineralization  be  correct.  In  this,  Sierra  Mojada  is  again  unique 
among  the  limestone  deposits  of  Mexico,  many  of  which  have  a  proved 
vertical  extent  of  2000  or  even  3000  ft.  without  great  change  in  size  or 
character  of  the  ore. 

Within  this  limited  vertical  range,  there  were  deposited  three  distinct 
types  of  primary  mineralization : 

1.  A  silver-lead-zinc-iron  sulfide,  usually  with  a  low  sihca  gangue. 
This  is  now  almost  completely  oxidized,  but  occasional  specimens  and  the 
character  of  the  derived  oxidation  products  give  ready  means  of  recon- 
structing the  primary  ore.  It  occurs  chiefly  in  typical  replacement 
deposits  in  limestone,  to  a  minor  extent  in  the  contact  and  in  fissures  in 
the  agglomerate  50  or  100  ft.  from  contact. 

2.  A  silver-copper-zinc  sulfide  with  sihca  and  barite  gangue,  occasion- 
ally with  some  lead  and  sometimes  practically  without  zinc.  Small  ton- 
nages of  these  ores  are  found  in  a  semi-oxidized  condition,  chiefly  along 
the  contact  and  short  distances  below  it. 

3.  A  complex  silver  sulfide  accompanied  by  minor  amounts  of  copper 
and  sometimes  traces  of  cobalt  with  a  barite  gangue  and  sometimes  cal- 
cite  and  rhodochrosite.  In  recent  years,  considerable  of  these  ores  have 
been  mined  in  an  unoxidized  state.  They  are  found  along  the  contact 
in  the  sheared  lime,  but  chiefly  along  the  fissures  to  a  depth  of  100  ft. 
below  the  contact,  and  are  accompanied  by  impregnations  in  the  wall 
rock  that  are  responsible  for  much  of  the  so-called  secondary  silver-lime 
ores.  The  distribution  of  these  ores  with  relation  to  the  fissures  is  quite 
irregular  and  generalities  are  dangerous. 

Most  of  the  silver-lead-zinc-iron  ores  were  deposited  along  the  fissures 
designated  as  the  A  zone;  in  which  neither  of  the  other  types  is  prevalent. 
In  the  B  and  C  zones,  all  three  types  are  encountered;  and  it  is  not 
uncommon  to  find  along  a  single  fissure  successive  stopes  representative 
of  the  distinct  mineralization. 

As  would  be  expected,  the  demarcations  between  the  three  types  are 
not  always  sharp,  particularly  between  the  silver-copper  ores  when  the 
zinc  is  absent  or  low  and  the  gangue  heavy  in  barite,  and  the  silver-barite 
ores  when  they  carry  some  copper.  On  the  other  hand,  intermingling 
is  not  usual,  nor  is  a  complete  series  of  intergradations  developed.  The 
mineralization  appears  to  have  occurred  at  different  periods  and  the 
mineralizer  to  have  varied  in  composition,  perhaps  progressively.  No 
evidence  can  be  obtained  in  the  present  oxidized  condition  of  the  ore- 
bodies  as  to  the  sequence  of  the  mineralization,  though  it  seems  probable 
that  the  silver  sulfide,  with  some  copper  and  the  barite  gangue,  was  the 
last  to  be  formed. 

We  have  then  in  this  extremely  limited  vertical  range,  three  minerali- 
zations that  normally  would  require  quite  different  physical  conditions 
for  their  deposition;  and  in  this,  Sierra  Mojada  is  unusual  among  Mexican 
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replacement  deposits,  though  all  four  of  the  distinct  features  here  empha- 
sized— the  absence  of  premineral  fissures  unaccompanied  by  faulting, 
the  shallowness  at  which  deposition  took  place,  the  limited  vertical  range 
of  the  deposits,  and  the  complexity  and  variation  in  the  ores — are  all 
dependent  on  one  another;  and  after  establishing  any  of  these  features, 
the  others  would  not  be  entirely  unexpected. 

From  the  foregoing,  it  would  seem  that  the  drop  in  the  physical  con- 
ditions required  to  cause  deposition  took  place  above  a  shale-Hme  series, 
the  argillaceous  beds  acting  as  a  blanket  to  retain  it,  perhaps  abnormally, 
below  that  point.  The  release  took  place,  in  many  instances,  on  or  near 
the  contact  or  in  the  sheared  lime  just  under  the  contact;  and  in  this 
upper  horizon  of  the  camp,  apparently  the  general  physical  condition 
being  favorable,  selective  action  of  the  different  beds  was  possible  and 
even  quite  prevalent. 

If  the  conclusions  as  to  the  effect  of  the  underlying  formation  on  the 
deposition  and  as  to  the  typography  at  the  time  of  deposition  are  correct 
and  accepted,  the  known  deposits  of  the  camp,  of  economic  importance, 
may  be  said  to  occur  in  a  triangular  block  between  the  shaly  lime  series, 
the  agglomerate  contact,  and  a  southern  boundary  that  probably  will  be 
north  of  the  high  cHffs  of  the  Sierra  Mojada  range. 

As  the  author  has  pointed  out,  the  principal  production  in  recent 
years  has  come  from  bodies  of  limestone  impregnated  with  silver.  It 
has  been  assumed  that  these  ores  were  the  results  of  migration,  during 
oxidation,  of  the  silver  originally  contained  in  the  primary  sulfide  bodies, 
the  silver  being  redeposited  in  the  Hmestone  along  the  channels  of  the 
percolating  waters;  but  occurrences  that  justify  such  an  hypothesis  are 
not  numerous  nor  have  they  yielded  great  tonnages. 

The  quantity  of  such  hmestone  ores  found  in  the  A  zone  below  the 
silver-lead  carbonates  has  been  negUgible  and  there  are  no  indications 
that  appreciable  quantities  of  such  ores  exist.  The  question  is  often 
asked  "where  is  the  silver  that  (it  is  presumed)  was  leached  from  the 
orebody  during  oxidation  and  migrated  with  the  circulating  waters?" 
In  all  probabihty,  no  appreciable  amount  of  silver  was  leached  from  the 
lead  manto  of  the  A  zone. 

Limestones,  so  impregnated  with  secondary  silver  minerals  leached 
from  primary  orebodies  during  oxidation  as  to  form  important  commercial 
deposits  are  rare  in  any  district,  and  require  most  unusual  circumstances 
for  their  formation;  where  the  original  orebody  carried  a  high  lead  con- 
tent, they  are  practically  unknown.  The  question  involves  the  behavior 
of  many  compounds  found  in  the  primary  ore  during  the  various  stages 
of  the  process  resulting  in  the  bodies  of  carbonates  and  oxides  that  are 
later  mined.  While  these  processes  are  quite  complex  and  variable,  the 
final  results  recorded  in  many  different  occurrences  are  fairly  uniform. 

During  the  oxidation  of  a  silver-lead-zinc-iron  sulfide,  the  zinc  and 
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iron  sulfides  are  the  first  to  break  down,  the  process  perhaps  being  started 
by  the  iron  pyrite.  The  zinc  goes  into  solution  and  does  not  redeposit 
as  a  sulfide,  except  perhaps  as  a  mineralogic  curiosity,  and  is  carried 
(depending  on  the  volume  of  solution,  the  position  of  the  ground  water, 
and  the  character  of  the  limestone)  from  a  few  feet  to  several  hundred 
feet.  When  redeposited,  it  occurs  either  as  a  carbonate  or  a  silicate,  often 
quite  pure  though  sometimes  accompanied  by  considerable  iron  oxide, 
usually  hematite.  The  silver  content  of  such  zinc  ores  is  only  a  fraction 
of  that  contained  in  the  oxidized  body  that  was  its  source.  The  iron, 
often  the  most  abundant  metal,  remains  chiefly  at  the  site  of  the  original 
sulfide,  but  large  quantities  are  leached  downward  along  the  oxidizing 
channels  and  occur,  usually  in  diminishing  quantities  as  depth  is  attained, 
for  some  distance  below  the  orebody.  In  some  instances,  the  iron 
reaches  continuously  to  the  point  at  which  the  oxidized  zinc  has  deposited. 
The  lead  typically  oxidizes  in  place  and  its  migrations  seldom  extend 
far  beyond  the  limits  of  the  original  orebody,  even  though  the  channels 
may  appear  to  be  most  suitable  for  such  a  result.  In  general,  without 
taking  into  consideration  the  minor  chemical  processes  that  may  take 
place  or  the  different  lead  compounds  that  may  be  formed,  the  original 
galena  reaches  its  final  state  of  a  carbonate  in  one  of  two  ways :  the  lead 
taken  in  solution  on  the  oxidation  of  the  galena  may  react  directly  with 
the  limestone  to  form  a  carbonate,  or  it  may  reprecipitate  as  secondary 
lead  sulfide  which  later  breaks  down  through  the  sulfate  to  the  carbonate. 
Examples  of  commercial  orebodies  that  appear  to  have  been  formed  by 
the  precipitation  of  anglesite  without  the  intermediate  steps  of  the 
secondary  galena  are  not  unknown,  but  are  quite  rare. 

As  a  result  of  these  processes,  in  a  typical  manto  orebody  there  are  the 
lead  carbonates  accumulated  in  the  original  site  of  the  sulfide  deposition, 
somewhat  enriched  by  the  subtraction  of  the  zinc,  sulfur  and  some  iron; 
below,  toward  the  bottom  of  the  original  orebody,  a  heavy  accumulation 
of  iron  extends  along  open  channels  into  the  underlying  limestone ;  and 
at  varying  depths  below  this  latter,  there  are  deposits  of  secondary  zinc 
carbonates  or  silicates.  The  silver  follows  both  the  lead  and  iron.  When 
the  carbonate  of  lead  is  formed  by  direct  reaction  without  intermediate 
steps  through  the  secondary  lead  sulfide,  it  is  usually  low  in  silver;  but  the 
secondary  galena,  the  anglesite,  and,  to  a  less  degree,  the  carbonate 
derived  from  it  have  a  much  higher  silver  content.  The  underlying  iron 
in  the  typical  case  carries  a  normal  silver  content  for  some  distance 
below  the  point  at  which  lead  is  an  important  factor,  but  in  most  cases 
the  silver  content  becomes  neghgible  with  depth  long  before  the  iron 
gives  out. 

These  reactions  and  conditions  have  been  observed  in  so  many  points 
and  under  such  widely  varying  conditions  as  to  the  grade  of  ore,  ratio  of 
metals,  character  of  the  country  rock,  and  form  of  the  deposit,  that  they 
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may  be  accepted  as  standard;  most  unique  conditions  would  be  required 
to  cause  any  great  variations.  There  seems  to  be  no  tendency  shown  at  any 
stage  for  the  silver  compounds  to  separate  and  migrate  independently 
as  does  the  zinc;  and  both  iron  and  (when  present)  manganese  travel 
farther  and  penetrate  farther  than  the  silver. 

At  Sierra  Mojada,  large  open  fissures  beneath  the  lead  manto  carry 
the  iron  and  zinc  leachings  from  the  orebodies  above,  the  silver  decreasing 
rapidly  long  before  the  iron  diminishes  appreciably;  the  occurrence  in  no 
way  differs  from  those  observed  elsewhere  in  such  oxidized  replacement 
deposits.  The  lime  in  places  is  discolored  to  pink  and  red  with  black 
blotches,  from  the  effect  of  iron  and  manganese  solutions,  but  no  appreci- 
able silver  results  are  obtained  from  the  most  thorough  and  painstaking 
sampling.  In  this  connection,  no  mention  need  be  made  of  the  pipes 
hanging  below  the  orebody,  for  they  are  clearly  of  different  origin  and 
nature. 

Just  above  the  sixth  level  of  the  Veta  Rica  mine,  the  contact  that  has 
been  followed  from  the  surface  on  its  normal  dip  slowly  flattens  out  and, 
after  practically  reaching  the  sixth  level,  rises  gradually  to  the  north  to  a 
minimum  of  perhaps  10  m.  before  continuing  its  normal  dip.  Along  this 
basin  are  found  several  strong  east-west  fissures  and  along  their  intersec- 
tion with  the  sheared  Hme,  or  the  contact,  and  spreading  nearly  over  the 
entire  basin  were  found  rich  productive  stopes  from  which  several 
miUion  dollars  of  ores  have  been  taken.  The  ores  are  oxidized  silver- 
copper-iron  sulfides  with  very  little  zinc  or  lead,  and  a  meter  of  the  agglom- 
erate, and  perhaps  2  or  3  m.  of  the  foot-wall  limestone  were  mineable. 
The  situation  is  almost  ideal  for  secondary  limestone  impregnations,  the 
long  slopes  ending  in  the  basin,  the  high-grade  ore  without  lead  and  the 
strong  fissures  cutting  the  orebodies;  but  although  crosscuts  pass  under 
these  bodies,  at  various  points  from  2  to  30  m.  below  them,  and  drifts 
follow  the  fissures  and  several  diamond  drill-holes  cross  the  area,  no 
silver-lime  ores  were  found  below  or  beyond  the  limits  of  the  primary 
orebodies. 

A  long  list  of  limestone  deposits,  covering  nearly  every  conceivable 
variation  in  metal  content,  form  of  orebody,  and  character  of  the  country 
rock,  could  be  given — all  of  which  are  oxidized  but  none  of  which  produce 
these  limestone  ores.  In  all  these  deposits,  moreover,  included  limestone 
fragments  or  blocks  are  found  in  the  orebodies  that  have  not  been  im- 
pregnated with  secondary  silver  to  form  commercial  ore.  This  fact  is 
sufficient  proof  that  such  lime  ores  are  not  a  normal  result  of  the  oxidation 
of  a  silver  ore  in  a  limestone  replacement  deposit. 

At  Santa  Eulalia,  a  large  tonnage  of  limestone  impregnated  with  silver 
has  been  mined,  but  practically  all  has  come  from  a  limited  part  of  a  single 
mine.  It  is  all  on  the  border  in  contact  with  the  oxidized  replacement 
ores;  none  has  been  produced  from  the  vicinity  of  the  high-lead  bodies, 
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except  in  one  case  where  such  a  body  was  intersected  by  a  silver-bearing 
vein-like  fissure  of  a  different  age  than  the  main  body.  The  only  econom- 
ically important  tonnage  of  such  limestone  ores  occurred  under  unusual 
conditions,  allowing  a  possible  doubt  as  to  the  correctness  of 
the  assumption  of  a  secondary  origin.  One  of  the  most  continuous, 
and  probably  the  richest,  manto  of  the  camp  produced  only  a  few  tons 
of  such  limestone  ores  although  a  most  careful  search  was  made  for 
them,  and  the  mine  was  sampled  freely.  That  body  averaged  less  than 
5  per  cent,  lead,  often  running  about  1  per  cent,  to  the  kilogram  of  silver; 
but  even  under  these  favorable  conditions,  the  silver  remained  almost 
entirely  within  the  walls  of  the  original  orebody,  principally  with  the 
iron,  though  at  certain  points  it  is  impregnated  in  masses  of  gypsum  that 
were  included  in  the  orebody. 

It  would  appear,  therefoj-e,  that  Santa  Eulalia,  one  of  the  few  dis- 
tricts that  produces  limestone  ores,  supports  the  conception  that  impreg- 
nations of  limestone  by  secondary  silver-bearing  solutions  to  form 
commercial  orebodies  are  rare. 

The  largest  bodj^  of  lime  ore  being  worked  in  northern  Mexico  occurs 
in  the  Descubridora  mine  near  Chihuahua  City.  This  is  a  gold-silver 
impregnation  independent  of  and  many  miles  removed  from  any  known 
replacement  deposit,  so  that  there  can  be  no  doubt  as  to  the  primary 
origin  of  the  body,  though  in  its  present  oxidized  state  it  exhibits  prac- 
tically all  and  only  those  characteristics  of  the  so-called  secondary 
silver-lime  orebodies. 

At  Sierra  Mojada,  in  the  5  and  C  zones,  silver- lime  ores  are  being  mined 
from  bodies  occurring  in  the  limestone  well  removed  from  both  the 
contact  and  the  replacement  ores,  and  at  points  where  it  is  exceedingly 
difficult  to  account  for  the  source  from  which  or  the  channels  through 
which  secondary  solutions  must  have  traveled,  if  the  bodies  were  the 
result  of  such  action;  also  it  is  necessary  to  conceive  that  these  secondary 
solutions  carried  their  burden  of  silver  through  favorable  hmestone  without 
dropping  their  content  en  route. 

The  greater  part  of  all  such  ore  is  now  oxidized,  but  at  several  large 
stopes  much  of  the  ore  is  still  unoxidized  and  unaltered.  Special  atten- 
tion should  be  given  observations  made  at  such  points,  for  the  difficulty 
of  distinguishing  ore  deposited  from  an  ascending  primary  solution  from 
that  deposited  from  a  descending  secondary  solution  is  increased  by  oxida- 
tion and  by  the  minor  readjustments  and  movements  of  the  metallic 
values  that  take  place  during  that  process.  The  typical  unoxidized 
silver-lime  impregnation  at  Sierra  Mojada  is  cut  by  east-west  barite 
stringers  frozen  tight  in  the  limestone,  the  stringers  showing  in  different 
specimens,  massive  chalcocite,  argentite,  proustite,  pyrargyrite,  stephan- 
ite,  and  sometimes  bornite  and  pyrite,  and  sulfides  intricately  mixed 
with  the  barite.     It  is  not  intended  to  convey  the  impression  that  such 
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barite  stringers,  which  usually  measure  from  2  to  8  Iji.  or  even  1  ft.  in 
width,  are  always  heavy  sulfides,  but  rather  that,  without  a  special  effort, 
specimens  that  show  a  considerable  proportion  of  sulfide  can  be 
obtained.  The  limestone  is  usually  impregnated  with  silver  sulfides  for 
a  distance  not  often  exceeding  10  to  15  ft.  from  some  such  veinlet,  the 
entire  mass  being  of  sufficient  value  to  pay  heavy  mining  and  treat- 
ment costs. 

These  ores  may  occur  for  a  vertical  distance  of  from  20  to  150  ft.  and 
very  continuously  for  several  hundred  feet  along  the  strike  of  the  fissures ; 
but  irregularities  in  the  walls  are  noticeable  and  the  grade  varies  sharply 
while  the  hmits  of  the  stope  are  usually  marked  by  the  approach  to 
slips  and  cross  fractures  which,  were  the  ores  the  result  of  secondary 
action,  would  be  the  very  channels  for  the  introduction  of  the 
metal  content. 

In  many  instances,  the  barite  occurs  in  flat  thin  beds  of  limited  extent 
and  even  in  apparently  isolated  patches  throughout  the  pay  line,  while 
in  one  stope  on  the  northern  edge  of  the  C  zone  in  the  Veta  Rica  mine 
where  this  type  of  silver  mineralization  occurs  in  the  hme-shale  series,  the 
beds  of  barite  attain  a  maximum  thickness  of  several  meters,  with  the 
same  silver  sulfide  scattered  through  the  mass. 

When  unoxidized,  the  impregnated  limestones  present  no  marked  differ- 
ence, under  casual  inspection,  from  the  ordinary  limestones;  and  even 
when  oxidized  they  are  not  conspicuous.  It  is  a  well-established  fact 
that  the  limestones  which  are  most  heavily  stained  with  iron  and  man- 
ganese and  most  shattered  by  small  fractures  along  which  are  found 
copper  stains,  all  criteria  of  secondary  action,  are  seldom  of  a  grade  that 
will  pay  for  extraction. 

There  can  be  no  doubt  that  the  silver  sulfides  found  in  the  stringers 
and  blankets  were  deposited  from  the  solution  that  brought  in  the  barite ; 
and  it  is  not  conceivable  that  the  silver  sulfide  found  impregnating  the 
limestone  adjacent  to  these  fissures  should  have  a  different  origin  than 
the  same  sulfide  found  in  the  fissures.  Therefore,  in  these  particular 
cases,  the  question  may  be  attacked  from  the  standpoint  of  the  origin 
of  the  barite.  This  barite  in  no  way  differs  in  its  physical  characteristics 
from  that  accompanying  the  admittedly  primary  ores  along  the  contact 
nearby,  and  there  is  no  evidence  nor  reason  to  believe  that  the  conditions 
existing  at  the  time  of  the  oxidation  of  the  orebodies  were  such  as  to 
permit  the  solution  and  migration  of  such  a  relatively  stable  mineral 
as  barite.  Certainly  the  tightly  frozen  veinlets  in  the  limestone  unaccom- 
panied by  other  oxidation  products  do  not  point  toward  the  secondary 
origin  for  the  barite. 

The  following  conclusions  have,  therefore,  been  reached : 

1.  Silver-lime  orebodies  of  economic  importance,  formed  by  the 
impregnation  of  the  limestone  with  silver  leached  from  replacement 
deposits,  are  a  rare  occurrence. 
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2.  There  is  adequate  and  substantial  evidence  that  at  least  some  of 
such  ores  are  formed  by  an  ascending  primary  mineralization  of  a  definite 
type  and  period. 

3.  It  is  believed  that,  in  many  instances,  where  the  origin  of  the  silver- 
lime  ores  has  been  attributed  to  secondary  descending  solutions,  a  re- 
examination of  the  evidence  will  indicate  the  oxidation  approximately 
in  place  of  a  primary  mineralization. 

Ivan  Ragaz,  Andeer,  Switzerland  (written  discussion). — This  paper 
shows  development  since  1901,  when  J.  W.  Malcolmson  made  an  exhaus- 
tive report  on  the  district  for  the  Mexico  City  meeting  of  the  Institute. 

This  development  was  mostly  in  the  northern  part  of  the  camp  parallel 
to  the  old  lead  orebody  in  ore  zones  B,  C,  and  D,  and  future  development 
no  doubt  will  show  additional  orebodies  and  prove  that  the  chain  of  ore- 
bodies  will  extend  east  and  west,  the  same  distance  as  the  old  lead  manto; 
part  of  this  has  been  proved  by  the  valuable  orebody  found  by  the 
author  for  the  Constancia  Mining  Co.  in  its  Diaz  shaft  west  of  North 
Almaden  mine. 

Malcolmson  and  Shaw  report  accurately  the  occurrence  of  the  big 
lead  orebody  (which  extends  about  5  km.  from  east  to  west  with  a  width 
of  30  to  150  m.  and  a  height  of  1  to  60  m.)  except  that  they  have  neglected 
to  mention  that  the  richest  orebodies  had,  as  a  rule,  the  agglomerate  as 
the  hanging  wall  or  roof.  This  has  been  shown  in  San  Jose,  San  Salvador, 
and  Fronteriza  mines.  Only  in  isolated  places  is  this  shown,  as  other- 
wise lime  rock  is  always  the  hanging  wall.  It  seems,  that  when  the 
ascending  mineral-carrjdng  solution  struck  the  impermeable  hanging 
wall  of  agglomerate,  the  deposition  of  the  orebodies  was  concentrated 
and  the  orebodies  eastward  on  the  dip  enriched.  This  was  noticeable  in 
the  San  Salvador,  Encantada  and  Fronteriza  mines;  there  was  a  gradual 
drop  in  the  silver  content  of  the  orebody  all  through  San  Salvador, 
Encantada,  and  Fronteriza  in  going  east,  until  in  Fronteriza  it  was 
enriched  again  by  the  large  contact  lead  orebody  north  of  the  Fronteriza 
shaft  close  to  the  Encantada  line.  I  do  not  claim  that  the  mineral-carry- 
ing solution  came  up  only  under  the  agglomerate  cap,  but  at  the  other 
places  the  solutions  entered  the  hme  hanging  wall  and  the  valuable 
minerals  (especially  silver)  were  scattered  over  a  large  territory, 
whereas  the  impermeable  agglomerate  concentrated  the  deposition  to 
certain  strata. 

The  value  given  for  the  ore  mined  for  the  first  20  years  (1880  to  1900) 
is  too  low.  In  1888,  the  El  Paso  smelter  was  finished  and  received  ore 
from  Sierra  Mojada;  the  first  contract  read  as  follow.  "No  ores  received 
with  less  than  28  per  cent.  Pb;  no  payments  made  for  lead  contents." 
As  the  freight  from  Sierra  Mojada  to  Escalon  alone  was  14  pesos  per  ton 
and  silver  was  the  only  content  of  the  ore  paid  for,  it  required  lead  ore 
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with  over  1  kg.  of  silver  to  pay  expenses.  The  average  shipment  con- 
tained from  1}-^  to  3  kg.  silver  and  30  per  cent,  lead;  also  the  slags  of  the 
many  adobe  furnaces  averaged  150  to  300  gm.  of  silver  and  10  to  14  per 
cent,  lead,  showing  that  the  ore  had  been  exceedingly  rich  or  the  extrac- 
tion, considering  the  barren  silica  and  lime  flux,  less  than  50  per  cent. 

The  chief  drawback  of  the  camp  has  been  the  high  freight  rates  and 
the  leasing  system  in  vogue,  which  made  selective  mining  much  more 
necessarj'-,  as  for  instance  in  Mapimi,  Santa  Eulalia,  and  Velardena. 
A  large  tonnage  of  low-grade  lead  ore  has  been  left  in  some  of 
the  mines. 

The  freight  on  the  Mexican  Northern  Ry.  was  6  pesos  per  ton  for  a 
haul  of  125  km.  The  lowest  freight  rate  to  the  nearest  smelter  at  Torreon 
is  5  to  10  pesos  per  ton,  according  to  the  grade;  on  6000  to  10,000  tons  a 
month,  this  is  a  heavy  burden  on  the  camp. 

The  only  way  to  avoid  this  heavy  charge  would  be  to  establish  small 
smelters  at  the  mines;  the  extraction  of  silver  and  lead  would,  of  course, 
be  considerably  less,  but  25  to  30  per  cent,  of  the  saving  in  freight  alone 
would  make  up  for  the  difTerence  and  give  the  miner  from  3  to  6  pesos 
per  ton  more  for  his  ore.  It  is  said  that  the  revenue  of  the  Mexican 
Northern  Ry.  paid  for  the  road  construction  before  it  reached  Sierra 
Mojada.  It  was  built  in  about  1^^  years  and  was  considered  the  only 
truly  "gold  mine"  of  the  camp. 

The  leasing  sj'stem  had  the  disadvantage  that  the  lessor  had  little 
interest  in  spending  large  amounts  of  money  on  exploration  work  that 
would  require  years,  although  some  lessors  worked  the  mines  much  more 
thoroughly  than  some  of  the  owners. 

The  royalties  were  rather  high  too.  The  Consolidated  Kansas  City 
Smelting  and  Refining  Co.  paid  50  per  cent,  royalty  for  the  San  Salvador 
mine,  the  ore  delivered  free  of  all  cost  to  the  owners  on  the  surface;  over 
1,000,000  tons  were  mined  at  that  royalty  from  San  Salvador.  At  the 
time  this  mine  was  taken  over,  it  was  estimated  that  the  mine  had  500,000 
tons  of  lead  ore  in  sight,  with  an  average  assay  of  300  gm.  silver  and  25 
per  cent,  lead,  20  per  cent,  iron  and  10  per  cent,  silica.  This  m.ine  has 
produced  up  to  date  about  1,500,000  tons  of  ore.  For  the  last  20  years, 
the  royalties  for  the  well-known  mines  have  been  from  20  to  30  per  cent. 

The  principal  production  of  the  camp  today  is  lime  ore,  of  which  a 
large  tonnage  is  of  low  grade.  This  ore  was  first  mined  and  shipped 
from  the  Fortuna  mine  in  1891.  Since  then  no  doubt  about  1,000;  000 
tons  have  been  shipped  to  the  different  smelters. 

I  am  quite  well  acquainted  with  the  large  mining  camps  of  the 
western  part  of  the  United  States  and  Mexico,  but  do  not  know  of  any 
camp  that  has  had  such  large  bodies  of  rich  silver  and  lead  ores  as  Sierra 
Mojada.  The  San  Jos6  copper  orebody,  discovered  accidentally  in  1892, 
for  5  years  produced  monthly  3000  to  4500  tons  of  ore,  which  for  the 
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first  3  years  averaged  3  to  4  kg.  silver  and  6  to  10  per  cent,  copper.  This 
revenue  enabled  the  Consolidated  Kansas  City  Smelting  and  Refining 
Co.  to  weather  the  financial  storm  of  1893  and  1894.  A  strip  of  land 
between  San  Jose  and  Fort  una,  not  much  more  than  100  ft.  (31  m.)  wide 
and  250  ft.  (76  m.)  on  the  dip,  yielded  $2,500,000.  In  the  Veta  Rica 
W.  Hageman,  mine  superintendent  of  the  Cia.  Metalurgica  Mexicana  of 
San  Luis  Potosi,  found  the  first  rich  copper  orebody;  in  1898,  they  had 
a  face  of  ore  about  300  ft.  (92  m.)  from  east  to  west  and  from  10  to  45  ft. 
in  height;  that  averaged  23^^  to  3  kg.  silver  and  2  to  4  per  cent,  copper. 
The  company  shipped  an  average  of  4000  tons  a  month  of  that  grade 
for  5  years,  when  the  grade  dropped  to  1^-^  kg.  silver. 

In  the  Dionea  mine,  Charles  Dunham,  superintendent  for  the  Con- 
stancia  Mining  Co.,  sank  a  timber  shaft  30  m.  and  accidently  got  into  the 
Juarez  orebody  in  ore  zone  D,  which  netted  the  Constancia  Mining  Co. 
over  1,000,000  pesos. 

Farther  east,  in  the  San  Salvador  mine,  W.  B.  Gates  of  the  American 
Smelting  and  Refining  Co.,  found  in  a  crosscut  to  the  north  the  continua- 
tion of  the  orebodies  belonging  to  zone  C  in  the  San  Salvador  and  in  the 
Trinidad  to  zone  D;  both  discoveries  were  of  great  importance  and  paid 
large  dividends. 

Future  development  will  no  doubt  prove  that  ore  zones  C  and  D  have 
large  bodies  of  rich  ore  to  the  west  and  to  the  east. 

Because  of  the  common-sense  mining  law  of  Mexico  and  the  equitable- 
ness  of  the  men  in  charge,  there  was  little  or  no  litigation.  The  different 
trespasses  were  settled  in  a  friendly  way  and  never  occasioned  any 
friction;  except  one  between  two  of  the  most  prominent  operators.  They 
did  not  want  to  air  their  grievances  in  court,  so  took  the  dispute  in  regard 
to  the  value  of  a  certain  trespass  to  New  York  where  Judge  Hornblower 
was  appointed  as  the  referree.  Both  companies  spent  about  four  times 
more  than  the  ore  mined  was  worth,  for  lawyers,  witnesses,  etc.,  and  re- 
ceived no  satisfaction;  so  that  Sierra  Mojada  is  a  poor  camp  from  a 
lawyer's  point  of  view. 

Wilbur  H.  Grant,  San  Francisco,  Calif,  (written  discussion). — This 
paper  gives  a  clear  idea  of  the  geology  of  that  interesting  camp  and,  on 
the  whole,  corroborates  many  of  the  conclusions  drawn  by  George  H. 
Garrey  who,  with  five  assistants,  made  a  detailed  geological' survey  of 
that  camp  in  1912-13,  devoting  a  year  to  the  field  and  underground 
work.  As  the  author  has  frequently  used  the  same  nomenclature  as 
Mr.  Garrey,  and  occasionally  cited  his  determinations,  it  is  assumed  that 
he  has  had  access  to  that  report. 

A  few  statements,  however,  might  be  misunderstood  without  further 
explanation.  In  describing  the  limestone  the  author  states,  "Except  in 
the  vicinity  of  the  ore  deposits,  the  limestone  is  almost  free  of  silica  and 
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iron."  This  is  true  so  far  as  introduced  silica  by  mineralizing  solutions 
is  concerned;  there  are,  however,  several  limestone  beds,  or  series  of  beds, 
that  contain  myriads  of  cherts,  some  of  which  are  5  ft.  in  length;  these 
hmestones  contain  a  high  percentage  of  silica  and  commonly  are  brown 
to  black  iron-stained  where  weathered. 

In  speaking  of  the  agglomerate  he  says,  "The  source  of  the  agglom- 
erate is  unknown,"  As  is  commonly  known  among  geologists,  agglom- 
erate is  formed  in  the  neck  of  volcanoes.  Where  sluggish  or  intermittent 
activity  permits  crust  to  form  on  the  molten  lava  and  solidify  on  the 
walls,  later  pulsations  break  these  solidified  crusts  and  sometimes  the 
country  rock  (in  this  case  limestone)  into  angular  fragments.  The  num- 
erous volcanic  activities  that  follow  produce  the  intricately  complex  mass 
of  agglomerate  in  the  volcanic  neck  and  may  force  it  out  over  the  rim  of 
the  crater.  There  is  enough  evidence  at  Sierra  Mojada  to  warrant  the 
conclusion  that  a  volcanic  neck  existed  in  the  valley  and  the  agglomerate 
formed  in  the  usual  way.  The  thickness  of  the  agglomerate  therefore 
increases  toward  the  central  neck,  where  it  will  be  of  indefinite  depth. 

Some  of  the  statements  regarding  the  "geological  history"  are  indefi- 
nite. The  author  says  that  the  limestones  were  "folded  by  horizon- 
tal stresses."  Our  detailed  study  showed  quiet  conclusively  that  the 
distortion  of  the  limestones  from  a  horizontal  position  was  by  a  cause 
similar  to  that  which  has  produced  so  many  isolated  mountains  in  the 
uplands  of  north  central  Mexico.  Numerous  examples  show  that  many 
isolated  peaks  and  ranges  were  caused  by  intrusions  of  igneous  rocks 
from  magmatic  centers  below;  the  applied  force,  therefore,  is  probably 
vertical  rather  than  horizontal.  Furthermore,  the  structure  could  more 
precisely  be  called  a  dome  than  an  anticline  with  the  long  axis  east-west. 
This  dome  has  been  eroded  until  a  valley  has  been  carved  out  along  the 
long  axis  and  the  flanks  of  the  dome  now  form  ridges.  During  the  process 
of  erosion,  limestone  landsHdes  fell  from  the  cliffs  of  Sierra  Mojada  and 
now,  on  account  of  their  greater  resistance  to  erosion  than  the  agglom- 
erate, form  caps  to  outhers  such  as  those  near  Jesiis  Maria. 

There  are  several  interesting  geological  facts  and  conclusions  of  com- 
mercial importance  that  could  amplify  some  of  the  statements  made  to 
which  the  author  has  not  referred.  The  company  for  whom  Mr.  Garrey 
made  his  detailed  survey  is  still  interested  in  that  camp ;  it  would,  there- 
fore, be  unethical  for  the  writer  to  discuss  these  commercial  geological 
questions  without  permission  from  that  company.  It  is  permissible, 
however,  to  state  that  Sierra  Mojada  is  a  camp  where  a  detailed  geological 
survey  is  essential  for  the  understanding  of  ore  controls.  Such  an  under- 
standing of  Sierra  Mojada  geology  will  greatly  reduce  the  cost  of  develop- 
ment and  mining  of  the  ore. 
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Non-metallic  Mineral-filler  Industry  in  the  Southeastern 

States* 

By  W.  M.  WEiGEL,t  Tuscaloosa,  Ala. 

(New  York  Meeting,  February,  1922) 

The  rapid  advance,  during  recent  years,  in  the  manufacture  of  articles 
that  have  been  in  common  use  for  generations  and  the  development  of 
new  materials  entering  into  appliances  and  devices  unheard  of  fifty  years 
ago  have  created  a  demand  for  some  of  the  more  common  non-metallic 
minerals.  To  supply  this  demand  there  has  quietly  developed  a  branch 
of  the  mining  industry  of  which  little  is  known  by  most  mining  engineers 
— the  mineral-filler  industry.  In  this  paper,  and  generally  in  the  trade, 
the  term  mineral  filler  is  applied  to  a  mineral  used  in  its  natural  state 
after  mechanical  preparation  only  (such  as  grinding,  milling  and  wash- 
ing), without  undergoing  any  chemical  change  and  without  exerting  any 
chemical  action  on  the  substance  with  which  it  is  incorporated. 

The  consumption  of  mineral  fillers  is  confined  chiefly  to  large  manufac- 
turing centers  in  the  Eastern  and  Northern  States.  Where  available, 
materials  originating  near  the  place  of  consumption  are  used,  as  most 
fillers  bring  a  comparatively  low  price  and,  frequently,  the  freight  may 
equal  the  cost  of  the  finished  filler  at  the  mine.  The  Southern  States  have 
abundant  deposits  of  non-metallic  minerals  suitable  for  fillers,  which 
supply  the  manufacturing  industries  in  adjacent  states.  Many  of  these 
deposits  are  equal  to,  or  superior,  in  quality  to  those  mined  in  the  North, 
but  they  can  not  compete  with  them  because  of  the  freight  rates. 

The  mineral-filler  industry  has  felt  the  present  depression,  but  it  has 
suffered  less  than  most  mining  industries,  for  as  a  rule  the  mills  are  simple, 
the  overhead  expenses  are  low,  and  the  labor  is  entirely  local  and  can 
revert  to  farm  work  when  the  plant  closes  down.  Many  other  deposits 
in  the  southern  district  will  undoubtedly  be  developed  when  business 
revives  and  freight  rates  are  adjusted. 

Most  of  the  non-metallic  mines  are  small  and  the  tonnage  handled  is 
low  in  comparison  with  the  tonnage  involved  in  modern  large-scale  mining 
of  coal,  iron,  copper,  etc.     On  the  other  hand,  at  nearly  all  non-metallic 

*  Published  by  permission  of  the  Director  of  the  Bureau  of  Mines, 
t  Mineral  Technologist,  U.  S.  Bureau  of  Mines. 
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mines,  practically  all  of  the  material  mined  is  marketed,  very  little  being 
eliminated  as  waste.  Nearly  all  mining  is  by  open  pits,  cuts,  and 
quarries.  The  smaller  deposits  are  worked  with  pick,  shovel,  and  wheel- 
barrow; but  where  conditions  justify  a  larger  investment,  cable  excavators 
and  steam  shovels  are  used.  The  mills  are  simple  in  design  and  often 
temporary  in  character.  The  short  mild  winters  of  the  South  make  better 
building  construction  unnecessary;  and  where  a  deposit  may  be  worked 
out  in  a  few  years,  an  elaborate  outlay  is  not  justified.  At  many  of  the 
mines  there  is,  however,  room  for  great  improvement  in  milling  methods. 
The  common  mineral  fillers  are  white  clay,  barite,  mica,  talc,  whiting, 
ocher,  silica,  graphite,  and  slate.  These  will  be  discussed  separately  as 
the  methods  of  mining  and  preparation  are  quite  different. 

White  Clays 

Sedimentary  or  transported  white  clays  are  the  only  clays  used  to  any 
extent  as  fillers;  the  residual  white  clays,  or  kaolins,  go  to  the  ceramic 
industry.  The  principal  centers  of  the  clay-mining  industry  in  the  south- 
ern district  are  in  the  vicinity  of  Langley,  S.  C,  and  in  the  central  part  of 
western  Georgia.  The  clay  belt  in  Georgia  extends  entirely  across  the 
state,  from  Augusta  to  Columbus,  but  the  greatest  development  is  from 
Dry  Branch  to  Columbus.  Putnam  and  Lake  counties,  Fla.,  are  also 
producers.  Tennessee,  northeastern  Mississippi,  North  Carolina,  and 
Alabama  have  considerable  clay  resources,  but  for  filler  uses  the  develop- 
ment in  these  states  is  small.  The  extensive  development  of  residual 
clay,  or  kaolin,  in  North  Carolina  is  not  considered  here. 

The  clay  beds  lie  approximately  horizontal  and  vary  from  5  to  20  ft. 
(1.5  to  6  m.)  thick.  In  some  parts  of  the  bed  the  clay  may  be  stained  or 
off  color;  this  is  sent  to  the  waste  dump.  The  overburden  is  usually  red 
and  brown  clay,  sand,  and  gravel  and  may  vary  in  thickness  from  a  few 
inches  to  a  depth  too  great  for  stripping.  It  is  considered  profitable  to 
remove  3  ft.  of  overburden  to  recover  1  ft.  of  clay.  The  thickest  cover 
known  to  be  stripped  is  60  ft.  Thin  overburden  is  removed  by  teams 
and  drags  or  slip  scrapers;  when  this  method  is  too  costly  or  too  slow, 
mechanical  excavators  are  used.  In  South  Carolina,  cable  excavators 
are  generally  used.  The  clay  is  mined  by  pick  and  shovel,  loaded  into 
cars  holding  1  to  1^^  tons,  and  hauled  to  the  drying  shed  or  washing 
plant.  Occasionally  charges  of  low-grade  dynamite  are  used.  At  a 
few  mines,  the  stripping  is  done  by  steam  shovels;  but  as  a  certain  amount 
of  sorting  to  eliminate  boulders  and  discolored  clay  is  done  at  the  face, 
mechanical  mining  and  loading  do  not  seem  feasible. 

If  the  clay  is  sufficiently  clean  and  free  from  sand  so  that  washing 
may  be  omitted,  it  is  piled  on  racks  under  cover  to  air  dry,  or  is  crushed 
or  shredded  to  about  1-in.  size  and  passed  through  an  indirect-heat 
rotary  dryer,  and  to  bins.     The  dried  clay  is  pulverized  and  packed  in 
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paper  or  jute  sacks.  Two  types  of  pulverizers  are  used,  the  Raymond 
roller  mill  and  a  high-speed  impact  pulverizer;  with  both  types  the  fine 
particles  drop  into  a  cyclone  collector.  As  the  circuit  is  closed,  the  fine 
grit  is  eventually  ground  fine  enough  to  pass  over  with  the  clay. 

Raw  clay  that  contains  too  much  sand  or  mica  must  be  washed.  The 
clay  is  passed  through  a  crusher,  into  a  blunger  or  pug  mill,  where 
sufiicient  water  is  added  to  make  a  thin  slip  or  cream.  This  slip  passes 
through  a  short  series  of  troughs,  where  the  coarse  material  settles; 
through  a  screen  of  100  to  120  mesh,  which  removes  most  of  the  mica;  and 
then  at  lower  velocity  through  a  series  of  troughs  in  which  the  finer  sand 
and  mica  settle.  If  much  coarse  material  is  present,  a  wheel  which  scoops 
out  the  coarse  sand  that  immediately  settled  and  discharges  it  to  one  side 
is  placed  directly  after  the  blunger.  From  the  mica  troughs,  the  slip 
flows  into  one  of  a  series  of  tanks.  When  this  tank  is  full,  the  feed  is 
diverted  to  the  next  tank.  After  the  clay  has  settled  sufficiently,  the 
clean  water  is  siphoned  off,  and  the  thick  mud  pumped  to  filter  presses 
of  the  usual  type.  The  press  cake  is  dried  in  air  or  on  steam  coils,  and 
pulverized  or  shipped  in  lump  form.  This  method  of  treatment  has  been 
used  for  many  years  but  it  is  slow  and  inefiicient.  In  addition,  con- 
siderable good  clay  settles  out  in  the  troughs  and  is  lost;  irregularities 
in  the  clay  feed  cause  variations  in  the  density  of  the  slip  and  in  its  power 
for  transporting  the  larger  grains ;  and  there  is  not  much  chance  for 
blending  or  making  a  uniform  average  product  in  order  to  overcome 
variations  in  the  quality  of  the  feed. 

Some  clays  do  not  stay  in  suspension  well  and  make  separate  settle- 
ment of  the  sand  difficult;  this  can  often  be  remedied  by  the  addition  of 
very  small  amounts  of  caustic  soda  or  soda  ash  to  the  slip.  In  order  to 
settle  the  clay  previous  to  filtration,  it  is  necessary  to  neutralize  the  soda 
by  the  addition  of  sulfuric  acid.  Some  clays  with  extremely  "colloidal" 
properties  give  considerable  difiiculty  in  filtering,  making  so  impervious  a 
cake  that  filtration  stops;  this  may  be  remedied  by  the  addition  of  acid. 

It  has  always  been  considered  impossible  to  filter  clay  slip  on  a  con- 
tinuous filter  of  the  Oliver  or  Portland  type,  but  recent  experiments  tend 
to  show  that  under  certain  conditions  this  may  be  feasible.  The  problem 
of  continuous  washing  with  the  making  of  a  uniform  product  also  seems 
near  solution. 

On  account  of  the  cost  of  washing  and  drying,  the  operator  ships  his 
clay  raw  whenever  it  is  free  enough  from  grit  or  mica,  with  only  pulveriz- 
ing for  preparation.  By  this  plan,  in  many  cases,  clay  of  inferior  grade 
has  been  placed  on  the  market,  so  that,  in  some  cases,  the  consumer  has 
discontinued  using  domestic  clay,  preferring  imported  china  clay,  which 
could  be  depended  on  for  uniform  quality.  If  properly  prepared,  the 
domestic  clays  are  fully  equal  to  the  imported  clays  for  filler  purposes. 

Clay  as  a  filler  is  used  largely  in  paper,  rubber,  oilcloth,  paint,  and,  to 
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some  extent,  in  phonograph  records,  polishes,  textiles,  matches,  and 
soap.  For  rubber  and  phonograph  records,  the  color  is  not  important 
as  long  as  it  is  light,  but  for  all  other  uses  whiteness  and  freedom  from  grit 
or  quartz  are  the  prime  requisites.  For  the  different  uses,  certain  phys- 
ical properties  are  desirable,  but  these  two  requirements  are  common  to 
all.  White  clay  is  seldom  used  in  white  paints  but  is  extensively  used 
in  colored  paints. 

Barite 

Barite  is  produced  in  Georgia,  Tennessee,  North  Carolina,  and  Ala- 
bama; Georgia  ranks  first  and  Tennessee  second  in  production.  The 
Georgia  district  centers  about  Cartersville,  Bartow  County;  Sweetwater 
is  the  center  in  Tennessee.  The  most  important  development  in  Alabama 
is  near  Angel,  in  the  northeastern  part  of  the  state;  in  North  Carolina, 
in  the  vicinity  of  Stackhouse  and  Hot  Springs.  Bulletins  covering 
the  origin  and  occurrence  of  these  deposits  have  been  published  by  the 
respective  state  geological  surveys.^ 

In  general,  the  barite  deposits  are  derived  from  the  weathering  of 
limestone  beds  in  which  the  barite  formerly  occurred  as  vein  filling  in  the 
cavities  and  crevices.  Deposits  of  sufficient  concentration  to  justify 
mining  consist  of  fragments  of  all  sizes  from  sand  to  pieces  weighing 
several  hundred  pounds,  mixed  with  clay,  pieces  of  rotten  limestone,  and 
sometimes  quartzite.  The  barite  fragments  are  rough,  slightly  rounded, 
and  irregular.  The  fresh  fracture  is  white  to  blue  white ;  the  weathered 
surfaces  are  stained  brown  to  yellow.  Mining  is  practically  always  by 
steam  shovel  in  open  cuts  made  in  hillsides,  or  in  pits.  The  average 
deposits  yield  10  to  20  per  cent,  barium  sulfate;  5  per  cent,  barium  sulfate 
is  considered  about  the  lowest  grade  workable  at  a  profit. 

Methods  of  concentration  or  washing  are  fairly  well  standardized. 
The  mine  cars  dump  on  a  flat  grizzly  with  rails  spaced  4  to  6  in.  All  ore 
is  worked  through  this,  by  sledging  if  necessary,  and  large  pieces  of 
limestone  or  other  waste  rock  are  thrown  out.  The  ore  drops  either 
directly  into  the  end  of  the  log  washer  or  onto  a  steel  plate,  from  which  it 
is  washed  into  the  log.  The  log  washer  is  double,  with  26  to  30- ft. 
(7.9  to  9  m.)  logs  making  18  to  20  r.p.m.  The  slope  is  1  in.  (2.5  cm.)  per 
ft.  The  overflow  is  laundered  to  a  tailing  pond;  the  washed  lumps  are 
discharged  through  a  trommel,  42  to  48  in.  (1.1  to  1.2  m.)  in  diameter  and 
6  to  8  ft.  (1.8  to  2.4  m.)  long,  covered  with  plate  containing  ^  to  1-in. 
(19  to  25  mm.)  perforations.     Occasionally  two  screens,  %  and  1  in.,  are 

1  C.  H.  Gordon:  Barite  Deposits  of  Sweetwater  District  of  Eastern  Tennessee. 
Resources  of  Tenn.  (No.  1,  1918)  8,  48-82;  Barite  Deposits  of  Upper  East  Tennessee. 
Tennessee  Geol.  Sur.  Bull.  23  (1920),  65-70. 

J.  P.  D.  Hull:  Barytes  Deposits  of  Georgia.     Geol.  Sur.  of  Georgia  Bull.  3G 
(1920). 
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employed.  The  oversize  goes  to  a  picking  belt  where  waste  constituting 
30  to  40  per  cent,  of  the  material  on  the  belt  is  picked  out,  the  barite 
going  to  the  shipping  bin.  This  material  contains  90  to  97  per  cent, 
barium  sulfate. 

The  undersize  from  the  trommel  goes  to  Harz  jigs,  usually  three-cell 
with  ^'^-in.  screen.  The  jig  taihngs  go  to  the  tailings  pond  and  con- 
centrates drawn  from  the  screen  go  to  the  shipping  bin;  various  methods 
are  in  use  for  disposing  of  the  hutch  discharge.  This  hutch  material 
contains  50  to  70  per  cent.  BaS04;  and  whenever  possible  some  of  it  is 
graded  in  with  high-grade  concentrates.  Sometimes,  after  grinding, 
it  is  used  as  a  low-grade  filler  where  calcium  carbonate  or  silica  are  not 
objectionable;  at  some  plants,  it  is  stacked  for  future  treatment.  A  few 
plants  are  installing  tables  to  improve  the  grade.  Probably  considerable 
fine  barite  is  lost  in  the  tailings  but  the  large  amount  of  clay  with  which  it 
is  mixed  makes  its  recovery  hardly  a  commercial  problem  when  concen- 
trates are  selling  for  $8  per  ton.  A  double  log  washer  has  a  capacity  of 
30  to  40  tons  of  ore  per  hour.  Most  of  the  barite  is  shipped  out  of  the 
district  as  concentrates,  but  some  is  ground  before  shipment. 

In  preparing  the  natural  barite  for  use  as  a  filler,  two  methods  are 
employed.  Where  a  pure  white  grade  is  not  required,  the  concentrates, 
if  in  lump  form,  are  crushed  and  washed  in  a  single  log  washer,  dried,  and 
ground  in  a  roller  mill  with  air  classification.  This  gives  a  product  96 
per  cent,  of  which  passes  a  200-mesh  screen.  If  a  pure  white  product 
is  desired,  the  second  washing  is  followed  by  crushing  to  }^i  in.  or  finer. 
The  material  is  then  leached  with  sulfuric  acid  and,  after  thorough 
washing,  is  ground,  usually  wet,  and  is  water  classified,  making  the  so- 
called  water-floated  product.  This  is  usually  as  fine  as  98  per  cent, 
through  a  300-mesh  screen.  Blanc  fixe,  the  precipitated  barium  sulfate, 
is  not  considered  as  a  natural  mineral  filler. 

Barite  as  a  filler  is  used  in  paper,  putty,  textiles,  and  phonograph 
records,  but  mostly  in  the  paint  and  rubber  industries.  In  paper,  it  is 
used  mainly  where  a  high  gloss  or  finish  is  desired  in  super-calendered 
paper,  and  in  cardboard.  On  account  of  its  high  specific  gravity  its 
use  is  limited  to  articles  for  which  it  is  pecuharly  adapted.  For  paint  and 
paper,  fine  grinding  and  pure  white  color  are  demanded.  For  the  other 
uses,  fine  grinding  is  desired,  especially  for  rubber,  but  color  is  of  sec- 
ondary importance.  The  content  of  quartz  grains  should  be  reduced  to  a 
minimum.  Much  oxide  of  iron  is  very  objectionable  if  used  in  rub- 
ber compounds. 

Graphite 

Graphite  occurs  chiefly  in  Clay,  Coosa,  and  Chilton  counties, 
Ala.,  which  state,  since  1915,  has  produced  over  60  per  cent,  of  the 
domestic  graphite;  and  this  field  has  been  the  subject  of  numerous  papers 
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and  reports.'    There  are  some  deposits  in  North  Carolina  and  Georgia, 
but  their  development  is  small. 

Graphite  mining  in  Alabama  consists  of  open-cut  operations,  usually 
with  steam  shovels,  the  pits  being  confined  entirely  to  the  upper  or 
weathered  parts  of  the  schistose  orebodies.  The  value  of  the  unweathered 
ore  is  j^et  to  be  determined.  As  graphite  has  been  mined  extensivelj^ 
only  during  the  past  few  years  milling  practice  has  not  been  standardized. 
Fine  grinding  is  done  in  Hardinge  mills,  ball  mills,  rod  mills,  and  rolls. 
Dry  concentrating  equipment  used  in  earlj^  dsijs  has  now  been  replaced  in 
nearly  all  plants  by  oil-flotation  machines  representing  five  types.  The 
crude  concentrate  obtained  from  flotation  must  be  refined  to  increase  the 
carbon  content.  Grinding  the  dried  concentrate  in  burrstone  mills  and 
bolting  on  silk  cloth  is  the  most  common  method  of  purification,  for  the 
gangue  material  grinds  finer  than  the  graphite  and  is  thus  screened  out. 
In  some  plants,  the  crude  concentrates  after  drying  are  given  a  further 
concentration  in  a  horizontal  current  of  air,  the  higher  grades  being  then 
screened  without  further  grinding.  In  others  the  crude  concentrates  are 
tabled,  then  dried  and  screened.  In  one  mill,  the  refining  is  done  on  a 
modified  Huff  electrostatic  separator,  with  very  good  results. 

Nearly  all  the  mills  make  three  grades  of  finished  products.  No.  1 
flake,  the  highest,  which  is  retained  on  a  100-mesh  screen;  No.  2  flake, 
passing  100  mesh  and  retained  on  some  finer  mesh;  and  dust,  which  is 
screened  from  the  No.  2  flake.  These  sizes,  though,  are  not  fixed. 
Some  mills  retain  their  No.  1  flake  on  meshes  varying  from  85  to  120,  and 
some  mills  put  No.  2  flake  and  dust  together,  making  one  product.  No.  1 
flake  contains  85  per  cent,  or  more  graphitic  carbon;  and  the  lower 
grades,  down  to  60  per  cent,  carbon. 

The  uses  of  graphite  as  a  filler  are  rather  limited,  largely  because 
of  its  flaky  structure,  its  color,  the  difficulty  of  grinding  it  to  a  fine 
powder  and  of  obtaining  a  product  free  from  grit,  and  its  electrical  con- 
ductivity. The  highest  grade  graphite,  free  from  grit,  is  used  as  a  filler  in 
lubricants;  the  lower  grades,  containing  60  to  75  per  cent,  carbon,  are  used 
in  paint,  stove  polish,  and  foundry  facings.  Carbonaceous  slates  and 
schists  with  10  to  15  per  cent,  amorphous  graphite  have  occasionally  been 
ground  and  used  as  foundrj^  facing  and  for  mortar  colors. 

Mica 

Mica,  due  to  its  characteristic  structure,  is  a  valuable  filler  in  some 
lines  of  manufacture.     North  Carolina  is  the  largest  producer,  but  con- 

*J.  D.  Dub  and  F.  G.  Moses:  Mining  and  Preparing  Domestic  Graphite  for 
Crucibles.     Bureau  of  Mines.  Bull.  112  (1920). 

H.  S.  Spence:  Graphite.  Canadian  Dept.  of  Mines,  Mines  Branch,  Ottawa 
(1920). 

U.  S.  Geol.  Sur.  Mineral  Resources  for  recent  vears. 
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siderable  mining  is  also  done  in  Georgia  and  Alabama.  Operations  are 
usually  so  small  that  one  mine  rarely  supplies  a  grinding  plant,  so  material 
for  grinding,  which  consists  of  defective  mica  and  scrap  obtained  from 
trimming  the  good  sheet  mica,  is  shipped  to  central  grinding  plants. 
The  wet  grinding  method  is  slow,  expensive,  and  necessitates  drying  the 
finely  ground  mica;  it  is  used  only  for  the  highest  grades.  The  scrap 
is  passed  through  rolls,  washed,  and  screened  to  remove  clay,  sand,  and 
foreign  substances.  It  is  then  charged  into  the  grinder  in  batches  of 
about  1000  lb.  The  grinder  is  a  steel  tank  10  ft.  in  diameter  by  4  ft.  deep, 
paved  with  wooden  blocks  placed  on  end;  attached  flexibly  to  a  spider 
making  10  to  12  r.p.m.  are  three  wooden  rollers  about  30  in.  in  diameter 
by  30  in.  long.  Enough  water  is  added  to  the  scrap  to  make  a  mush  or 
paste,  but  not  enough  to  cause  the  charge  to  flow.  After  the  charge  is 
ground  for  24  hr.,  it  is  flushed  into  launders,  where  grit  and  heavy  materials 
settle  out.  Further  settling  and  washing  follow;  then  the  superna- 
tant water,  with  the  grease  and  wood  fiber,  is  drawn  off  and  the  mica  is 
removed  to  a  drying  floor  heated  by  steam  coils.  The  dry  product  is 
passed  through  a  disintegrator  and  bolted  through  silk  cloth,  the  over- 
size being  returned  to  the  grinders.  The  standard  size  is  that  which  will 
pass  a  140  or  150-mesh  screen. 

Dry  grinding  is  cheaper  and  much  more  rapid,  but  the  product  does  not 
command  as  high  a  price.  Generally  less  care  is  used  to  clean  the  mica 
before  grinding  and  the  resulting  product  is  often  gritty  and  contains 
some  clay.  Ball  mills  have  been  tried  but,  so  far,  have  not  met  with  much 
favor.  The  machine  generally  used  is  a  high-speed  pulverizer  with  }i- 
in.  screen.  The  material  passing  through  the  screen  is  withdrawn  by  a 
fan,  passed  through  a  cyclone  collector,  and  discharged  into  a  bin.  The 
mica  is  then  screened  into  three  sizes,  from  20  to  100  mesh,  in  trommels 
fitted  with  wire  cloth . 

Wet-ground  mica  is  used  largely  in  the  manufacture  of  wallpaper,  as  a 
dressing  or  dusting  powder  for  high-grade  rubber  goods,  such  as  casings 
and  tubes,  and  in  the  compounding  of  rubber.  Freedom  from  grit  is 
essential,  and  the  color  must  be  nearly  white  and  uniform.  This  is  one 
of  the  highest  priced  fillers;  the  normal  price  is  from  6  to  8  c.  per  lb.  at  the 
plant,  but  during  1920  it  reached  14  c.  per  lb.  The  superiority  of  water- 
ground  mica  is  said  to  be  due  to  its  better  luster,  its  ability  to  stay  longer 
in  suspension  in  water,  and  its  lightness  or  low  apparent  specific  gravity. 
Dry-ground  mica  is  used  as  a  coating  on  ready  roofing,  in  some  lubricants, 
phonograph  records,  ornamental  paints,  dusting  or  dressing  powder  for 
rubber,  pressed  and  molded  goods,  and  artificial  stone. 

Within  the  past  few  years,  the  production  of  ground  mica  from  schists 
has  been  developed,  largely  because  of  the  rapid  increase  in  the  manu- 
facture of  ready  roofing,  which  uses  most  of  the  low-grade  material.  A 
ground  chlorite  mica  lately  introduced  bids  fair  to  replace  the  more  expen- 
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sive  ground  muscovite  in  the  roofing  trade.  It  is  dry  ground  with  high- 
speed pulverizers  or  ball  mills.  Some  deposits  provide  material  pure 
enough  to  be  marketed  direct  without  purification,  while  others  require 
air  or  electrostatic  concentration. 

Talc 

The  talc  industry  of  the  south  has  been  developed  most  extensively 
in  southwestern  North  Carolina  and  northwestern  Georgia.  Some  of  the 
mining  is  carried  on  in  open  cuts  but  most  of  it  is  underground.  Hand 
and  machine  drills  are  used.  A  minimum  amount  of  explosives  is  used,  as 
it  is  desired  to  obtain  as  large  a  number  of  sound  pieces  as  possible. 
These  are  sawn  into  pencils,  crayons,  or  other  shapes  and  command  a 
much  higher  price  per  ton  than  the  ground  talc.  Scrap  from  the  saws  and 
material  not  suitable  for  sawing  is  ground  for  filler.  Grinding  is  done  in 
roller  mills  of  the  Raymond  or  FuUer-Lehigh  type  with  air  classification, 
or  in  tube  mills  followed  by  sizing  on  silk  bolting  cloth. 

Ground  talc  is  used  as  a  filler  in  paper,  paint,  textiles,  shoe  polish, 
toilet  powder,  soap,  artificial  stone,  and  to  some  extent  in  rubber,  oilcloth 
and  other  articles.  It  is  used  largely  as  a  dressing  or  dusting  powder  for 
rubber  and  roofing,  leather,  cordage  and  other  lines  of  manufactured 
goods,  the  cheaper  off-color  grades  are  used  as  foundry  facing,  alone  or 
mixed  with  graphite.  Paint  and  paper  require  white  talc;  for  toilet 
powder  only  the  extra  white  is  used,  very  little  of  which  is  produced  in 
the  south.  These  higher  grades  must  be  free  from  grit;  for  the  other 
uses,  off-color  grades  with  small  percentages  of  impurities  are  acceptable. 
For  roofing  manufacture,  60-mesh  talc  may  be  used;  but  most  of  that 
used  for  other  purposes  is  ground  to  pass  200  mesh. 

Whiting 

Whiting,  the  common  name  for  finely  ground  marble  or  limestone 
is  one  of  the  most  widely  used  fillers.  True  whiting  is  ground  chalk; 
other  ground  calcareous  materials  are  substitutes.  Production  is  now 
confined  to  Georgia,  Tennessee,  and  North  CaroHna.  Waste  materials 
are  commonly  utilized,  marble-dust  whiting  being  made  from  the  unsound 
blocks  and  scrap  from  marble-working  plants.  Primary  crushing  is  by 
jaw  or  gyratory  crushers;  secondary  crushing,  by  rolls  or  hammer  mills. 
Both  wet  and  dry  methods  are  used  in  final  grinding.  The  dry  method 
is  the  cheaper,  as  it  does  not  involve  drying  the  finished  product,  which  is 
always  an  expensive  operation.  Roll  mills  with  air  classification,  making 
a  product  about  98  per  cent,  of  which  will]pass  200  mesh,  is  the  most  com- 
mon dry-grinding  equipment.  Wet  grinding  is  done  in  ball  or  tube  mills 
followed  by  water  classification,  setthng  in  tanks,  and  drj-ing  by  spraying 
the  thickened  pulp  on  the  outside  of  revolving  steam-heated  cylinders. 
After  drying,  it  is  necessary  to  pass  the  whiting  through  a  pulverizer  to 
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break  up  lumps  formed  during  the  drying  process.     Good  water-floated 
whiting  should  run  98  to  99  per  cent,  through  300  mesh. 

Both  the  dry-  and  the  wet-ground  materials  are  used  in  rubber,  paint, 
a  few  grades  of  paper,  linoleum,  oilcloth,  shoe  poHsh,  putty,  tooth  powder, 
roofing,  artificial  stone  and  asphalt  paving.  For  use  in  rubber,  linoleum, 
and  paint  the  alkalinity  should  be  very  low.  Freedom  from  grit  is  required 
for  nearly  all  uses.  A  pure  white  color  is  essential  for  use  in  paint,  shoe 
polish,  and  similar  products.  Low  oil  absorption  is  of  greatest  impor- 
tance in  the  paint  and  linoleum  industries.  There  are  many  grades  of 
whiting,  ranging  from  the  amorphous  material  produced  from  true  chalk 
to  the  highly  crystalline  material  from  marble.  Different  whitings  possess 
different  physical  properties,  often  when  quite  similar  in  chemical  com- 
position, fineness,  and  appearance.  Such  differences  are  often  difficult 
to  understand.  For  example,  of  two  whitings  of  similar  chemical  com- 
position, grain  size,  and  general  appearance,  one  will  make  good  putty 
while  the  other  may  not. 

OCHER 

Most  of  the  southern  ocher  is  produced  near  Cartersville,  in  north- 
western Georgia,  though  promising  undeveloped  deposits  occur  in  other 
states.  Considerable  amounts  of  red  oxide  of  iron  are  produced,  but  this 
is  generally  used  for  its  color  and  not  as  an  inert  filler.  The  mines  in  the 
Cartersville  district  have  been  worked  for  many  years,  and  practice  is 
fairly  well  standardized.  Both  open-cut  and  underground  mining 
methods  are  employed.  Underground  workings  consist  of  tunnels  usu- 
ally less  than  100  ft.  (30.5  m.)  in  length,  projected  into  the  hillsides  to 
meet  the  orebodies.  From  the  ends  of  the  tunnels,  drifts  are  made  to 
right  and  left  and  the  ore  is  removed  by  overhand  stoping.  The  ground 
is  heavy  and  requires  much  timbering.  Very  little  drilling  and  blasting 
are  necessary  as  most  of  the  ore  can  be  broken  down  with  a  pick.  As  the 
distances  are  short,  tramming  is  done  by  hand  or,  occasionally,  by  mule. 
The  ore,  consisting  of  a  mixture  of  quartzite  fragments,  clay,  sand,  and 
30  to  40  per  cent,  ocher,  is  delivered  on  a  coarse  grizzly  where  all  large 
rock  is  picked  off  and  the  fines  washed  through  with  a  stream  of  water, 
passing  to  a  single  log  washer.  The  coarse  discharge,  as  it  leaves  the 
log,  passes  over  a  12-mesh  screen,  the  last  of  the  ocher  being  removed  by 
a  water  spray.  The  overflow  of  the  log,  holding  the  ocher  in  suspension, 
is  conveyed  through  a  long  launder  about  10  in.  (25  cm.)  square  with  a 
slope  of  ^^  in.  in  16  ft.,  where  the  fine  sand  settles  and  is  shoveled  out  by 
hand.  From  this  point,  the  process  varies  at  different  plants.  One 
method  is  to  conduct  the  ocher-laden  solution  into  a  series  of  settling 
tanks.  The  water  is  siphoned  off,  and  the  sludge  shoveled  into  shallow 
bins  equipped  with  steam-drying  coils.  When  dry,  the  ocher  is  pulver- 
ized and  bagged  or  barreled  for  shipment.     By  another  method,  the 
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ocher-bearing  water  is  passed  to  a  Dorr  thickener,  the  overflow  being 
conducted  to  settling  ponds  that  are  cleaned  out  once  or  twice  a  year. 
The  thickened  pulp  is  passed  through  a  Hardinge  mill  and  from  there  to 
storage  or  to  agitating  tanks,  from  which  it  is  fed  by  sprays  to  the  outside 
surface  of  steam-heated  drying  cylinders.  The  dry  ocher  is  then  pul- 
verized and  bagged  or  barreled. 

Domestic  ocher  is  used  largely  as  a  filler  in  linoleum  and  to  some  extent 
in  paint.  While  its  color  falls  below  the  standard  of  some  of  the  French 
varieties  recent  tests  indicate  that  the  oil  absorption  of  Georgia  ocher  is 
somewhat  lower.  It  is  used  to  a  limited  extent  as  a  filler  in  some  grades 
of  rubber  and  paper.  A  good  ocher  should  have  a  uniform  strong  color, 
pass  a  200-mesh  screen,  be  low  in  lime,  and  have  low  oil  absorption. 
This  last  property  is  especially  important  for  linoleum  and  paint.  Nearly 
all  American  ochers  contain  some  free  grit  or  grains  of  quartz,  but  this 
may  be  greatly  reduced  bj^  proper  treatment. 

Silica 

Silica  that  may  be  used  as  a  filler  occurs  as  diatomaceous  earth, 
quartz,  and  tripoli.  Diatomaceous  earth  has  been  mined  in  Florida. 
Tripoli,  which  has  resulted  from  the  weathering  of  chert  or  siliceous  hme- 
stones,  has  commonly  been  produced  in  preference  to  quartz  as  a  silica 
filler  on  account  of  the  ease  of  grinding.  Water-floated  silica  or  tripoli 
has,  until,  recently,  been  obtained  from  a  deposit  near  Cleveland,  Tenn. 
Abandoned  workings  have  been  noted  near  Tredegar,  in  northeastern 
Alabama,  Riverton  Junction,  in  northwestern  Alabama,  and  in  the  north- 
eastern part  of  Mississippi.  Many  deposits  in  the  south  are  pure  white 
and  would  yield  a  good  product.  The  Alabama  and  Mississippi  deposits 
contain  considerable  proportions  of  undecomposed  chert;  accordingly 
in  preparing  this  material  crushing  should  not  be  employed  as  it  would 
introduce  angular  gritty  particles  in  the  finished  product.  At  one  plant, 
the  fine  material  was  washed  free  from  the  rock  fragments,  then  water- 
floated  or  classified  into  different  sizes,  dried  by  steam,  and  pulverized. 
As  silica  dust  is  injurious  to  the  health  of  workmen,  wet  preparation  is 
always  advisable. 

Silica  as  a  fine-grained  filler  is  used  in  paint  and  wood  filler,  in  metal 
polishes,  nearly  all  scouring  soaps  and  cleansing  powders,  and  to  some 
extent  in  phonograph  records  and  rubber.  Material  between  20  and  80 
mesh  is  used  for  coating  sand-surfaced  roll  roofing. 

The  pure  white  grades  of  silica  are  most  desirable  as  fillers  and  com- 
mand the  best  price.  For  most  purposes  a  soft-feeling  product  with  low 
apparent  specific  gravity  is  preferred.  Silica  should  be  classified  into 
three  or  more  products  according  to  fineness  of  grain,  as  different  indus- 
tries demand  different  degrees  of  fineness.  Material  passing  a  350-mesh 
screen  will  generally  meet  the  specifications  of  the  most  exacting  users. 
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Slate  Flour 

Ground  slate,  or  slate  flour,  is  a  comparatively  new  filler  material. 
As  a  rule,  it  is  ground  from  the  scrap  resulting  from  quarrying  and 
working  slate  used  for  other  purposes.  Recently,  however,  the  increased 
use  of  slate-surfaced  roofing  and  shingles  has  created  a  demand  for 
crushed  slate,  or  so-called  granules,  that  has  been  met  by  operating  slate 
quarries  especially  for  this  purpose.  Deposits  of  slate  that  are  worthless 
as  roofing  slates  or  other  products  requiring  sound  material  are  suitable 
for  granules  if  the  color  satisfies  the  roofers'  demands.  Red  and  green 
slates  are  used  most  widely,  though  dark  gray  is  used  to  some  extent. 
Slate  granules  are  now  produced  in  Georgia  and  Tennessee.  The  slate 
fragments  are  crushed  in  stages  with  intermediate  screening.  Most 
granules  fall  between  20  and  30  mesh  in  size.  The  proportion  of  fines 
varies  from  20  to  40  per  cent,  of  gross  production  and  there  is  some 
prospect  of  using  this  product  in  a  more  finely  pulverized  form  as  a 
filler  material. 

Good  slate  flour  is  soft  and  usually  free  from  grit  or  grains  of  quartz, 
but  rather  heavy.  At  present,  it  is  used  in  asphalt  paving,  to  some 
extent  in  the  asphalt  coating  of  ready  roofing,  some  grades  of  linoleum, 
a  little  in  fertilizers,  in  plastic  roofing  and  flooring  materials,  and  similar 
lines.  Red  slate  flour  and  ground  red  shale  are  used  as  paint  filler,  and  in 
the  backing  of  linoleum.  Slate  gives  promise  of  being  of  value  in  some 
grades  of  rubber  and  window-shade  cloth'  and  is  said  to  be  an  excellent 
inert  filler  for  paint  intended  for  roughing  or  rubbing-down  coats  before 
the  final  finishing  coats. 

Need  for  Wider  Investigation 

The  technology  of  mineral  fillers  is  for  the  most  part  an  undeveloped 
field.  Few  of  the  filler  producers  have  carried  on  any  research  work 
with  a  view  to  improving  the  grade  of  their  products  or  adapting  them  to 
wider  uses.  The  larger  consumers  have  recently  begun  to  realize  the 
importance  of  careful  laboratory  tests  of  fillers,  for  such  tests  indicate 
why  certain  fillers  are  best  suited  to  their  needs.  It  is  safe  to  say  that  no 
two  consumers,  even  in  the  same  lines  of  manufacture,  have  the  same 
specifications  for  their  fillers.  Study,  experimentation,  and  publicity 
will  result  in  a  better  knowledge  of  the  physical  properties  of  fillers,  and 
will  point  the  way  to  their  more  scientific  preparation  and  use.  Such 
studies  will  also  bring  about  a  better  understanding  between  the  producer 
and  consumer  with  an  appreciation  by  each  of  the  problems  of  the 
other,  and  will  thus  result  in  general  good  to  the  industry. 

^  Oliver  Bowles:  Bureau  of  Mines  Reports  of  Investigations,  Serial  No.  2283. 
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DISCUSSION 

Raymond  B.  Ladoo,  Washington,  D.  C. — A  rough  estimate  shows 
that  the  domestic  consumption,  in  1920,  of  the  various  fillers  mentioned 
reached  nearly  1,000,000  tons  and  were  valued  at  probably  over  $11,000,- 
000.  But  the  fillers  mentioned  are  by  no  means  all  the  mineral  fillers 
used  and  the  total  consumption  is  probably  much  larger  than  the  figures 
just  given.  The  importance  of  the  mineral  fillers,  however,  cannot  be 
adequately  judged  merely  by  the  tonnage  produced  or  the  value  of  the 
production,  for  mineral  fillers  are  essential  to  the  production  of  important 
products.  At  one  time,  mineral  fillers  were  largely  considered  dishonest 
or  unnecessary  additions  to  various  products  to  reduce  the  cost  of  manu- 
facture or  increase  weight;  this  use,  today,  is  negligible. 

The  diversity  of  mineral  fillers  used  in  different  industries  is  shown 
by  the  following  statistics  obtained  from  one  of  the  largest  manufacturers 
of  automobile  tires;  no  figures  were  given  of  the  use  of  zinc  oxide. 

Per  Cent.  Peb  Cent 

Barytes 33.0  Lead  carbonate 7.7 

Tripoli 15.4  Hydrated lime 6.6 

Whiting 13.2  Aluminum  flake  (clay) 3.0 

Litharge 11.0  Asbestine  (fibrous  talc) 1.9 

Magnesium  carbonate  (magnesite).     8 . 2 

Other  tire  companies  also  use  ground  gypsum,  dolomite,  mica,  slate, 
ocher,  umber,  and  other  iron  oxides. 

Some  of  the  principal  industries  using  fillers  are :  The  manufacture  of 
asphalt,  dry  batteries,  cement,  cordage,  textiles,  iron  castings,  gypsum 
plaster,  leather,  linoleum  and  oil  cloth,  lubricants,  paint,  paper,  rubber, 
shoe  poHsh,  soap,  tooth  powder,  wood,  putty,  ceramics,  foundry  facings, 
filters,  pressed  and  molded  goods,  roofing,  fertilizers,  artificial 
stone,  dynamite,  pipe  coverings,  poHshes,  insulating  compounds, 
phonograph  records,  and  matches. 

Improvements  in  the  methods  of  mining,  milling,  and  utihzation  are 
largely  dependent  on  setting  up  standard  specifications  and  tests.  Such 
specifications  are  difficult  to  formulate  because  of  the  complex  and  little 
understood  action  of  filler  materials  in  various  products.  Such  problems 
as  the  definition  of  standard  white  color,  the  measurement  of  deviations 
from  a  standard  white,  the  measurement  of  the  relative  proportion  of 
extremely  fine  material  too  fine  for  screening,  the  effect  of  grain  size  and 
grain  shape  on  the  value  of  a  filler  material,  etc.  are  difficult,  if  not  impos- 
sible, to  solve  with  our  present  knowledge  and  testing  equipment.  The 
study  of  filler  materials  will  involve  a  great  deal  of  research  but  such 
research  will  more  than  repay  its  cost  in  the  production  of  better  mate- 
rials, in  the  lowering  of  producing  costs,  and  in  the  substitution  of  low- 
cost  for  high-cost  products. 
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When  I  saw  the  long  hst  of  fillers  that  the  tire  manufacturers  used  I 
wondered  just  why  each  one  was  used  and  what  its  particular  properties 
were,  but  the  manufacturers  are  unable  or  unwilling  to  give  the  information. 

George  C.  Stone,  New  York. — The  effect  of  different  fillers  is  fairly 
well  known  to  the  rubber  people  but  they  will  not  say  much  about  them. 
We  have  done  some  experimenting  and  have  made  tires,  in  many  cases 
making  tires  half  of  one  material  and  half  of  another  to  get  the  identical 
wear  so  as  to  learn  the  effects  of  the  different  compounds  under  identical 
conditions,  and  got  some  interesting  results. 

Raymond  B.  Ladoo. — One  company  said  that  about  3  per  cent,  of  its 
fillers,  outside  of  zinc  oxide,  was  aluminum  flake;  what  is  the  source  of 
aluminum  flake? 

H.  RiES,  Ithaca,  N.  Y. — It  is  the  weathered  outcrop  of  flint  clay  in 
central  Missouri  and  has  an  exceedingly  fine  texture;  I  have  wondered  if 
it  is  this  fineness  that  makes  it  valuable. 

George  C.  Stone. — I  think  the  fineness  has  a  great  deal  to  do  with  it; 
a  coarse  material  cannot  be  used  in  rubber. 

Raymond  B.  Ladoo. — Rubber  manufacturers  have  different  ideas 
concerning  the  fineness  of  the  clay;  some  say  95  per  cent,  through  200 
mesh,  some  98  per  cent,  through  200  mesh,  and  some  98  per  cent,  through 
300  mesh. 

George  C.  Stone. — In  a  200-mesh  screen,  the  size  of  meshes  will  vary 
200  per  cent.;  the  fineness  also  depends  on  how  the  screen  test  is  made. 
When  material  has  been  divided  into  two  parts  and  one  lot  screened  on  a 
simple  gravity  screen  and  one  on  an  impact  screen  there  has  been  a 
difference  of  150  per  cent,  in  the  proportion  of  material  under  0.0198  in. 
in  diameter.  There  should  be  some  proper  method  of  screening  agreed 
upon,  both  as  to  the  size  of  screens  and  the  methods  of  screening. 

Raymond  B,  Ladoo. — Would  it  be  possible  to  get  the  American 
Society  for  Testing  Materials  to  work  on  that? 

George  C.  Stone. — I  think  so.  A  committee  has  that  class  of 
testing  in  charge;  90  per  cent,  of  the  screen  tests  are  made  in  such  a  way 
as  to  be  valueless.  What  is  wanted  is  something  comparable  to  the 
screening  being  done  in  practice.  If  screening  is  done  one  way  in  the 
mill  and  another  way  in  testing,  the  results  will  tell  nothing. 

Oliver  C.  Bowles,  Washington,  D.  C. — They  should  do  away  with 
screen  sizes  in  numbers  per  inch  and  record  the  size  of  opening. 

George  C.  Stone. — The  Bureau  of  Standards  has  gotten  up  a  list  of 
screens  according  to  the  size  of  opening.     Screens  regularly  made  were 
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selected  so  that  any  of  the  standard-sized  screens  can  be  purchased.  If 
this  Hst  were  generally  adopted  it  would  be  a  good  thing.  The  lists  cover 
the  full  range  of  sizes  anyone  would  use. 

H.  RiES. — In  addition  to  standardizing  the  screen  tests,  should  we  not 
draw  up  specifications  for  the  materials  used  for  different  purposes? 

George  C.  Stone. — That  would  be  a  good  thing.  The  rubber  people, 
for  example,  know  what  they  want;  their  whole  object  has  been  to  turn 
out  more  stuff.  They  have  made  great  progress  in  the  last  few  years  and 
are  learning  fast.  I  do  not  think  there  would  be  much  trouble  getting 
the  information  if  we  went  about  it  in  the  right  wa3^ 

Hugh  S.  Spence,  Ottawa,  Ont. — Have  the  researches  that  have  been 
made  been  centralized  research? 

George  C.  Stone. — No;  the  researches  were  made  by  several 
companies. 

Hugh  S.  Spence. — It  seems  to  me  a  tremendous  subject  to  tackle; 
one  that  would  involve  years  of  research  work. 

George  C.  Stone. — Probably  more  work  has  been  done  on  rubber  in 
the  last  two  or  three  years  than  on  anything  else. 

Raymond  B.  Ladoo. — Of  course,  what  Httle  work  has  been  done  has 
been  done  from  the  utilization  end;  in  some  cases,  if  the  producers  knew 
what  the  consumers  wanted  they  could  produce  a  much  better  product. 

George  C.  Stone. — That  is  especially  true  in  the  case  of  materials 
like  the  umbers  and  ochers;  the  imported  material  is  inherently  no  better 
but  it  is  so  much  better  prepared  that  it  will  bring  two  or  three  times  the 
price  of  the  domestic. 

Hugh  S.  Spence.— It  seems  that  one  rather  serious  impediment  to  the 
standardizing  of  these  materials  is  that  they  are  relatively  very  low 
priced  and  are  usually  available  in  scattered  sections  of  the  country  so 
that  the  consumer  will  take  the  material  from  his  nearest  source.  Now, 
though  those  materials  may  be  similar  they  will  vary  within  fairly 
wide  limits. 

George  S.  Stone.— There  should  be  some  definite  way  of  testing,  it 
might  be  necessary  to  establish  a  color  scale. 

Hugh  S.  Spence. — It  might  be  prohibitive  for  a  man  to  get  them  if  a 
hard  and  fast  standardization  were  set  up. 
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George  C.  Stone.— My  experience  in  the  A.  S.  T.  M.  has  been  that 
the  committee  is  alwaj'-s  made  up  of  consumers  and  producers  in  about 
equal  numbers,  though  the  consumer  is  in  the  majority.  A  producer  is 
asked  to  draw  up  specifications  and  then  the  consumers  usually  make 
those  specifications  more  liberal  so  as  not  unduly  to  restrict  the  market. 
In  every  case,  I  think,  the  producers  proposed  stricter  specifications  than 
were  finally  adopted. 

T.  Poole  Maynard,  Atlanta,  Ga.  (written  discussion). — This  paper 
demonstrates  that  we  have  few,  if  any,  mining  engineers  qualified  to 
carry  on  the  development  of  our  non-metals,  because  our  colleges  and 
universities  have  largely  confined  their  courses  to  the  metals  and  our 
supply  of  non-metals  has,  until  recently,  largely  come  from  Europe. 
As  the  trend  of  mining  has  been  largely  confined  to  the  metals,  few 
mining  engineers  have  had  enough  training  in  the  non-metals  to  interpret 
their  commercial  possibilities  or  their  proper  treatment  for  application 
in  the  industries. 

The  author  says:  "The  Southern  States  have  abundant  deposits  of 
non-metallic  minerals^  suitable  for  fillers,  which  supply  the  manufacturing 
industries  in  adjacent  states.  Many  of  these  deposits  are  equal  or  supe- 
rior in  quality  to  those  mined  in  the  North,  but  cannot  compete  with 
them  because  of  the  freight  rates." 

The  mineral  fillers  described  are  white  clays,  barite,  graphite,  mica, 
talc,  whiting,  ocher,  silica  and  slate  flour.  Of  these,  Georgia  produces 
more  white  clays,  or  fillers,  than  all  of  the  other  states  combined;  prac- 
tically all  of  these  clays  are  shipped  to  the  Northeast  and  Middle  West. 
The  largest  competitors  of  the  Georgia  producers  are  the  clays  imported 
from  England. 

More  barite  is  produced  in  Georgia  than  in  all  the  other  states  com- 
bined, and  practically  all  of  it  is  shipped  to  the  Middle  West  and  North- 
east; the  principal  companies  making  lithophone  products  in  New  Jersey 
and  Delaware  own  mines  in.  Georgia.  The  only  competitive  product  is 
the  German  barite. 

Alabama  has  all  of  the  flake  graphite  in  this  country,  with  the  excep- 
tion of  some  mines  in  New  York  and  Pennsylvania;  all  of  this  product  is 
used  in  the  Northeast  and  Middle  West.  The  only  real  competitor  of 
Alabama  graphite  is  that  from  Madagascar. 

Mica  is  produced  almost  exclusively  in  the  South;  North  Carolina 
produces  approximately  three-fourths  of  our  output  and  the  entire  market 
for  this  product  is  in  the  manufacturing  industries  of  the  Northeast  and 
Middle  West.  Ocher  from  Georgia  is  used  in  the  North  and  East  and 
about  50  per  cent,  of  the  production  is  exported. 

Talc,  silica,  slate  and  whiting  are  produced  in  considerable  quantity 
in  the  South,  but  almost  the  entire  output  goes  to  the  Northeast  and 
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Middle  West.  As  a  matter  of  fact,  freight  rates  have  very  Uttle  to  do 
with  the  market  for  these  materials.  No  matter  what  the  rates  were 
during  the  recent  war,  or  what  the  risk,  many  of  our  industries  using  clay 
continued  to  purchase  English  clay,  because  we  were  not  producing  grades 
of  equal  quahty.  Clays  of  equal  quality  can  be  produced  in  this  country 
by  the  application  of  technical  control  and  better  methods  of  refining, 
but  it  has  been  the  policy  of  most  producers  to  aim  at  larger  production, 
with  larger  profits,  where  Httle  technical  control  was  necessary;  however, 
we  are  learning  the  importance  of  production  of  better  quahty  products. 

We  import  many  pigments  from  Spain,  simply  because  they  are 
prepared  under  better  technical  control  and  are  more  uniform  in  quahty. 
The  difference  in  the  rate  of  foreign  exchange  has  more  to  do  with  the 
large  importations  of  graphite  from  Madagascar  and  bauxite  from  France 
than  have  the  freight  rates. 

The  author  says:  "There  is  a  need  for  a  wider  investigation  in  the 
application  of  non-metaUic  fillers."  A  better  cooperation  must  be  had 
from  the  manufacturers  who  use  mineral  fillers,  standardizing  their 
requirements  and  making  it  possible  for  the  producer  to  prepare  materials 
that  will  be  of  the  best  type  for  his  use.  At  the  same  time,  our  mines  and 
plants  preparing  mineral  fillers  must  be  placed  under  better  technical 
control.  It  is  to  be  hoped  that  the  investigations  now  being  carried  on 
by  the  Bureau  of  Mines  at  Tuscaloosa  will  give  us  more  definite  infor- 
mation on  the  requirements  of  mineral-filler  industries. 

W.  M.  Weigel  (author's  reply  to  discussion). — Very  Httle  can  be 
done  toward  standardization  or  fixing  of  specifications  of  fillers  by  screen 
sizing.  The  finest  screen  now  available,  350  mesh,  has  an  opening  42 
microns  square  and  the  high-grade  fillers,  especially  the  clays,  are  fine 
enough  so  that  90  to  99  per  cent,  will  pass  this  screen,  so  that  a  screen 
test  gives  no  information  regarding  the  proportion  of  various  sizes  below 
this.  Various  methods  of  microscopic  measurement  of  the  particles  too 
fine  to  be  screen-analyzed  are  employed,  but  all  of  them  leave  much  to 
be  desired  and  the  operation  is  laborious. 

Consmners  who  specify  that  the  filler  shall  be  98  per  cent.,  or  some 
other  quantitj^  as  the  case  may  be,  through  a  certain  mesh  screen  simply 
have  this  requirement  to  ehminate  an  undue  proportion  of  large  grains, 
lumps,  and  foreign  substances.  For  example,  assuming  a  product  that 
was  98  per  cent,  through  200  mesh  (74  microns),  depending  on  the  char- 
acter of  the  mineral,  the  average  size  might  vary  from  4  to  25  microns, 
but  if  it  were  such  that  it  was  all  retained  on  a  350-mesh  screen  (42 
microns),  thus  varying  in  size  from  74  to  42  microns,  it  would  be  unfit 
for  most  purposes. 

Elutriation  of  samples  by  water  or  air  gives  a  fair  idea  of  the  propor- 
tion of  sizes  beyond  the  range  of  screens,  but  is  unsatisfactory  on  the 
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very  lijic  sizes  due  to  flocculation  of  the  particles,  and  a  microscopic 
examination  must  be  made  to  determine  the  purity  of  the  fractions 
obtained. 

Screen  analyses  on  sizes  finer  than  150  mesh  should  be  made  wet  on 
products  that  are  not  affected  by  water.  I  use  a  fine  gentle  spray  on  the 
screen  until  washings  come  through  clear.  It  is  practically  impossible 
to  dry-screen  materials  that  pack  easily,  as  clays,  on  a  fine  screen. 
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Colloid  Chemistry  and  Metallurgy* 

By  Wilder  D.  Bancroft,  f  Ithaca,  N.  Y. 

(New  York  Meeting,  February,  1922) 

It  is  eight  years  since  I  have  been  connected  actively  with  metallog- 
raphy, but  in  this  time  I  have  been  learning  something  about  colloid 
chemistry,  which  may  be  considered  as  the  chemistry  of  bubbles,  drops, 
grains,  filaments,  and  films,  all  things  in  which  at  least  one  dimension  is 
very  small  or  in  which  the  surface  is  large  relatively  to  the  mass.  Films, 
of  course,  suggest  to  the  metallographist  Beilby's  amorphous  film  theory, 
about  which  I  am  going  to  speak  for  a  while,  though  probably  not  in  the 
way  3^ou  expect.     I  come  to  bury  Beilby,  not  to  praise  him. 

So  far  as  I  can  judge  from  looking  over  the  literature  hastily,  there 
are  two  schools  in  the  United  States,  those  who  accept  Beilby's  theory 
willingly  and  those  who  accept  it  unwillingly.     Hoyt^  says  that: 

At  present  there  seem  to  be  two  schools  in  metallography,  one  which  has  adopted 
the  amorphous-phase  theory  for  the  explanation  of  the  effect  of  cold  w'ork,  mechanical 
deformation,  etc.,  and  one  which  is  not  ready  at  present  to  adopt  this  theory.  It 
seems  to  me  that  this  theory  can  at  least  be  used  as  a  convenient  means  of  explaining 
various  facts  that  are  demonstrable  in  the  laboratory  but  the  presence  of  this  amor- 
phous material,  through  our  lack  of  experimental  means,  we  are  unable  to  prove. 
That  we  have  failed  in  this  direction  should  not  necessarily  hinder  us  from  using  a 
theory  as  workable  as  this. 

Mathewson^  says: 

I  have  come  reluctantly  to  believe  in  the  amorphous  theory,  or  some  theory  ad- 
mitting a  modification  of  the  ordinary  crystalline  phase  so  as  to  permit  differential 
properties  with  temperature,  etc. 

If  Mathewson  represents  one  extreme,  with  Hoyt  perhaps  occupying 
a  middle  ground,  H.  M.  Howe^  may  be  cited  as  one  of  the  enthusiastic 
supporters  of  Beilby's  amorphous  theory.     It  is,  says  Howe: 


*  First  Annual  Lecture  of  the  Institute  of  Metals  Division  before  the  American 
Institute  of  Mining  and  Metallurgical  Engineers  at  New  York  Meeting,  February, 
1922. 

t  World  War  Memorial  Professor  of  Physical  Chemistry,  Cornell  University. 

1  Trans.  (1919)  60,  572. 

2  Trans.  (1919)  60,  562. 

3  "Metallography  of  Steel  and  Cast  Iron,"  373,  386,  New  York,  1916.  McGraw- 
Hill  Book  Co. 
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The  first  to  offer  a  reasonable  explanation  of  the  mechanism  of  plastic  deformation 
in  metals,  and  in  particular  to  explain  ductility,  the  retention  of  continuity  during 
the  deformation  of  these  crystalline  masses,  and  the  extraordinary  fact  that  their 
tensile  strength  is  usually  greater  than  their  elastic  limit  ....  This  brilliant 
theory  is  extremely  useful  in  explaining  a  great  mass  of  extraordinary  and  hitherto 
unexplained  phenomena.  The  doubts  which  remain  today,  so  soon  after  its  enunci- 
ation, as  to  its  competence  to  explain  the  intricate  phenomena  discussed  in  the  last 
three  sections  are  indeed  such  as  might  be  expected.  They  may  lead  us  to  class  it 
rather  among  the  precious  working  theories  than  among  those  firmly  established. 

Beilby's  theory  ^  is  that  polishing  or  working  a  metal  produces  a  film 
of  amorphous  material  on  the  surface  or  at  the  slip  planes,  amorphous 
being  used  in  the  strict  sense  as  referring  to  a  supercooled  hquid.  Rosen- 
hain  goes  further  than  this  and  believes  that  chill-cast  metals  contain 
amorphous  films. ^ 

The  view  has  been  held  for  some  time  by  a  number  of  metallurgists  and  has  been 
particularly  advocated  by  one  of  the  authors  (Rosenhain)  that  a  thin  layer  of  amor- 
phous metal  in  a  state  corresponding  to  that  of  a  greatly  undercooled  liquid  exists 
between  the  adjacent  crystals  in  any  crystalline  aggregate,  and  especially  in  metals. 

Now  metals  have  such  a  high  tendency  to  crystallize  that  nobody 
has  ever  succeeded  in  getting  any  of  the  orthodox  ones  in  the  form  of  a 
glass.  In  fact,  Rosenhain  and  Archbutt^  admit  quite  frankly  that  the 
evidence  for  the  existence  of  an  amorphous  film  is  entirely  cu'cumstantial. 
When  considering  some  of  the  main  objections  to  their  views,  they  say: 

The  first  of  these  difficulties  relates  to  the  fundamental  question  whether  an 
amorphous  intercrystalline  cement  can  or  does  exist.  The  evidence  for  and  against 
this  has  been  fully  discussed  elsewhere;  here,  it  need  only  be  said  that  until  other 
methods  of  investigation  become  available,  any  direct  proof  of  the  existence  of  the 
cement  can  hardly  be  hoped  for. 

In  other  words,  the  hypothetical  amorphous  metal  is  so  instable 
that  there  is  no  hope  at  present  of  preparing  it  in  mass  and  yet  it  is  assumed 
that  the  amorphous  film  persists  nearly  up  to  the  melting  point  of  gold,^ 
for  instance.  This  seems  so  hopelessly  improbable  that  some  people 
have  discarded  the  hypothesis  except  for  cold-worked  metal.  Hatfield 
and  ThirkelP  say: 

Investigators  have,  from  time  to  time,  made  much  of  the  fact  that  metals  have 
fractured  between  the  crystals.  In  view  of  the  wide  discussion  which  has  taken  place 
upon  Doctor  Rosenhain's  theory  as  to  the  existence  of  an  intercrj^stalUne  film  of 
amorphous  material,  the  authors  feel  that  the  whole  question  should  be  reconsidered. 


*  Rosenhain:  "Introduction  to  the  Study  of  Physical  Metallurgy,"  246.     New 
York,  1915.     Van  Nostrand. 

5  Rosenhain  and  Archbutt:  Proc.  Roy.  Soc.  (19193  96^  58. 

^Op.  cit,  66. 

'  Rosenhain;  Op.  cit.,  260. 

8  Jnl.  Inst   Metals  (1919)  22,  78. 
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Personally,  they  are  unable  to  accept  this  theory  of  the  existence  of  an  amorphous 
film  between  the  crystals  in  cast  or  truly  annealed  metal.  They  wish,  however,  to 
make  their  position  perfectly  clear  with  regard  to  the  amorphous  theory  generally. 
Sir  George  Beilby,  in  his  classical  researches  upon  the  films  produced  on  the  surfaces 
of  metal  by  polishing,  established,  in  their  opinion,  the  existence  of  amorphous  metal. 
They  are  prepared  to  accept  the  extension  of  the  theory  to  the  effect  that  in  cold- 
worked  material  the  amorphous  phase  is  brought  into  existence  by  the  breaking  down 
of  the  crystals.  Whether  some  of  the  crystal  debris  can  be  truly  proved  to  be  the 
amorphous  phase  is  perhaps  at  present  a  little  doubtful,  but  it  is  obvious  to  the 
authors,  in  the  light  of  several  investigations  conducted  at  the  Brown-Firth  Research 
Laboratories  in  recent  years,  that  the  physical  properties  of  cold-worked  material, 
as  originally  indicated  by  Sir  George  Beilby  and  other  workers,  are  entirely  different 
from  those  of  the  crystaUine  metals  from  which  they  are  produced.  The  authors 
therefore  accept,  for  guidance  in  their  investigatory  work,  the  amorphous  theory  as 
applied  to  cold-worked  materials.  When,  however,  they  come  to  the  existence  and 
properties  of  an  amorphous  phase  left  between  the  crystals  after  crystallization, 
as  suggested  by  Doctor  Rosenhain  and  others,  they  must  confess  that  they  are 
extremely  skeptical. 

Reasons  for  Rejection  of  Amorphous-film  Theory 

I  am  prepared  to  go  one  step  further  and  to  reject  the  amorphous- 
film  theory  completely.  One  of  the  original  strong  points  about  the 
theory  was  that  it  accounted  for  the  increased  tensile  strength  of  hard 
drawn  metals  and  for  that  it  is  superfluous.  Bennett^  has  shown  that  the 
tensile  strength  of  electrolytic  copper  can  be  raised  to  68,000  lb.  per  sq. 
in.  by  increasing  the  current  density  and  using  suitable  stirring.  Here  it 
is  simply  a  question  of  decreasing  the  size  of  the  deposited  crystals  and 
there  is  no  justification  for  postulating  the  formation  of  any  amorphous 
metal.  These  results  do  not  leave  any  important  part  for  the  amorphous 
metal  to  play.  If  we  have  got  to  account  for  the  increased  tensile  strength 
as  a  necessary  consequence  of  the  decrease  in  crystal  size,  it  at  once 
suggests  that  other  characteristics  can  perhaps  be  accounted  for  without 
postulating  amorphous  material.  It  does  not  seem  to  have  occurred  to 
anybody  that  if  we  assign  the  same  arbitrary  properties  to  small  crystals 
that  have  been  assigned  the  alleged  amorphous  phase,  we  account  for 
everything  just  as  well  as  is  done  on  the  other  theory. 

So  far  as  I  can  learn,  no  metallographist  has  made  a  serious  study  of 
the  properties  of  very  small  crystals  and  yet  our  experience  with  colloids 
impresses  on  us  strongly  the  rather  extraordinary  apparent  changes  in 
properties  that  occur  when  a  phase  is  subdivided  very  much.  It  seems 
that  the  advocates  of  the  amorphous  theory  have  taken  whatever  prop- 
erties they  needed  and  have  assigned  them  arbitrarily  to  the  hypothetical 
amorphous  phase.  In  a  letter  to  H.  M.  Howe  on  March  26,  1915, 
Beilby^"  says: 

^JtU.  Phys.  Chem.  (1912)  16,  294. 
"  Howe:  Oy.  cit,.  374. 
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The  theory  of  flow  and  resolidification  in  a  vitreous-amorphous  state  for  which  I 
am  responsible  .  .  .  postulates  that  layers  of  molecules  many  molecules  in  thick- 
ness have  the  mobility  of  the  liquid  state  conferred  on  them  for  a  brief  period;  that  it 
is  the  transient  existence  of  this  mobile  phase  which  makes  the  slip  and  movement 
along  the  lamellae  possible  and  easy,  and  that  it  is  the  sudden  resolidification  of  these 
layers  into  a  non-crystalline  or  vitreous  condition  which  arrests  deformation  under  a 
given  deforming  stress.  The  original  surfaces  of  any  slip  are  now  cemented  together 
by  the  more  rigid  material  and  new  surfaces  of  slip  are  only  developed  by  higher 
stresses.  The  plasticity  of  the  crystalline  state  is  thus  gradually  used  up  and  the 
aggregate  as  a  whole  becomes  more  and  more  rigid.  When  this  has  reached  a  certain 
stage  further  increase  of  stress  leads,  not  to  plastic  flow,  but  to  disruption. 

Beilby  does  not  commit  himself  as  to  what  gives  the  disintegrated 
crystals  the  mobility  of  a  liquid  but  Howe  says  that : 

Whether  because  the  small  quantity  of  heat  liberated  by  the  friction  is  so  closely 
localized  that  it  actually  melts  these  particles  quite  as  the  close  localization  of  the 
heat  generated  by  the  friction  of  an  earthquake  slip  may  melt  the  rock  locally  and 
thus  lead  to  a  lava  flow,  or  for  some  other  reason,  the  metal  torn  away  by  the  slip  is 
very  mobile  momentarily.  Finally,  that  whether  because  the  extremely  thin  layer 
thus  made  mobile  cools  too  rapidly  to  be  able  to  resume  the  crystalline  state,  or  because 
it  is  of  less  than  crystal  unit  thickness  and  hence  cannot  recrystallize,  or  for  whatever 
other  reason,  the  metal  passes  from  the  mobile  into  a  solid  non-crystalline  and  hence 
amorphous  state,  which  is  stronger  than  the  normal,  crystalline  state.  This  greater 
strength  is  natural,  because  the  amorphous  state  lacks  the  cleavages  and  slip  planes 
which  weaken  crystalline  substances. 

Rosenhain^^  avoids  the  use  of  the  word  liquid;  but  what  he  says  means 
practically  that : 

Just  as  the  rubbing  action  of  polishing  produces  on  metal  surfaces  a  thin  layer  of 
altered  amorphous  material,  so  we  may  well  expect  that  the  sliding  over  one  another 
of  adjacent  sHp  surfaces  will  produce  a  local  disturbance  of  molecular  arrangement. 
K  the  slip  is  slight,  then  it  probably  happens  that  the  derangement  is  also  sUght  and 
temporary  and  that  the  disturbed  molecules  are  still  able  to  rearrange  themselves 
pretty  much  in  their  original  system.  If,  on  the  other  hand,  the  slip  has  been  more 
pronounced,  the  resulting  local  disturbance  will  also  be  more  far-reaching,  a  greater 
number  of  molecules  will  be  disturbed,  and  they  will  no  longer  be  able  to  rearrange 
themselves  in  the  old  crystalline  system.  A  more  or  less  thin  layer  of 
amorphous  metal  will  thus  be  formed  on  each  surface  of  slip.  At  first,  for  a  short  time, 
these  layers  will  probably  possess  a  certain  degree  of  mobility,  like  the  surface  film 
which  adjusts  itself  under  surface  tension.  During  this  period  these  layers  would 
act  as  a  sort  of  lubricant,  facilitating  further  slip  on  the  same  gliding  planes.  After 
a  time,  however,  when  the  disturbed  molecules  have  had  time  to  "set"  in  the  amor- 
phous condition,  we  should  have  on  each  plane  where  slip  has  taken  place  a  layer  of 
hard,  non-plastic,  amorphous  metal. 

In  view  of  the  high  heat  conductivity  of  copper,  it  seems  improbable 
that  any  portion  of  it  should  be  raised  to  melting  during  slow  working  or 
drawing.     I  doubt  whether  anybody  believes  that  tungsten  is  melted 
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continually  during  drawing  and  yet  that  is  what  Beilby  and  Howe — and 
to  a  lesser  extent  Rosenhain — either  believe  or  imply.  Assuming  that  it 
does  melt,  the  next  assumption  is  that  it  cools  so  suddenly  as  to  be  con- 
verted into  a  glass.  It  is  true  that  supercooling  a  melt  very  rapidly  is 
the  normal  way  to  get  a  glass;  but  one  would  not  consider  the  presence  of 
crystals  as  beneficial  and  certainly  nobody,  untrammelled  by  an  unsatis- 
factory hypothesis,  would  try  to  get  amorphous  metal  by  pouring  the 
molten  metal  into  a  tube  of  chilled  metal.  These  peculiar  properties 
have  been  postulated  because  Beilby  did  not  see  how  to  get  along  with- 
out them. 

Beilby  ^^  performed  one  striking  experiment  to  show  the  formation  of 
a  surface  film  as  the  result  of  polishing.     A  slightly  pitted  copper  plate 

received  its  final  polishing  on  fine  linen  stretched  over  a  hard  flat  surface  and  mois- 
tened with  one  of  the  ordinary  commercial  brass  polishing  liquids.  On  the  copper 
surface  prepared  in  this  way,  the  pits,  as  seen  under  high  magnification,  appear  as 
blue  spots  on  the  pale,  rose-colored  ground  of  the  solid  metal.  The  thickness  of  the 
films  covering  the  pits  is  probably  of  the  order  of  10  to  20  micromillimeters. 

The  blue  films  produced  in  this  way  are  Beilby's  amorphous,  enamel- 
like, transparent  surface  layer.  Nobody  will  question  that  they  differ  in 
properties  from  the  mass  of  the  metal  and  the  usual  reasoning  seems  to  be 
that  what  differs  from  a  crystalline  substance  is  necessarily  amorphous. 
This  does  not  follow  at  all.  We  have  colloidal  copper  solutions  that  are 
either  red  or  blue  by  transmitted  light;  but  nobody  nowadays  considers 
the  copper  as  amorphous  in  these  preparations.  By  the  a;-ray  interfer- 
ence method,  it  has  been  shown  that  colloidal  gold  and  silver  are  crystal- 
line^^ and  it  is  quite  possible  that  a  similar  proof  has  been  given  for  copper, 
though  I  have  not  seen  any  reference  to  it. 

It  has  been  suggested  that  the  particles  formed  in  polishing  or  in 
the  movement  of  the  slip  planes  might  be  so  small  that  they  could  not  be 
crystalline  and  consequently  must  be  amorphous,  from  which  it  soon 
follows  that  they  are  too  small  to  be  crystalline  and  that  they  are  amor- 
phous. This  conclusion  seems  improbable  because  Oberbeck^"*  has  found 
that  films  of  copper  deposited  electrolytically  on  platinum  to  an  esti- 
mated thickness  of  ln/j  gave  the  same  electromotive  force  as  the  massive 
metal.  Unless  there  is  something  wrong  about  these  experiments,  we  do 
not  need  to  worry  much  about  a  film  not  being  crystalline  because  it  is  too 
thin;  if  there  is  something  wrong  with  these  experiments,  that  should  have 
been  shown  before.  The  probability  is  that  the  upholders  of  the  amor- 
phous-film theory  are  not  familiar  with  these  data. 


^^Proc.  Roy.  See.  (1914)  89  A,  593. 
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A  rather  clear-cut  case  of  the  practice  of  claiming  things  regardless  of 
whether  they  prove  anything  or  not  is  given  by  Howe^^  and  is  based 
on  an  article  by  Beilby.^® 

That  plastic  deformation  increases  the  heat  of  solution  is  what  should  follow  from 
amorphization.  When  crystalline  metal  is  dissolved,  as  much  heat  is  absorbed  in 
breaking  up  its  crystalline  structure  as  was  evolved  in  the  act  of  crystallization. 
When  amorphous  metal  is  dissolved,  the  total  heat  evolution  is  greater  because  this 
absorption  is  absent.  The  amorphization  of  part  of  the  metal  by  plastic  deformation 
therefore  should  lead  to  a  proportional  increase  in  the  actual  heat  evolution  on  later 
dissolving  the  metal. 

This  is  absolutely  true  but  worthless  as  proof  because  small  crystals  have 
a  higher  vapor  pressure,  a  higher  electromotive  force^^  and  a  higher  heat 
of  corrosion.  It  is  impossible,  therefore,  to  tell  whether  the  observed 
differences  are  due  to  fine  crystals,  which  we  know  we  have,  or  to  amor- 
phous metal,  which  is  said  to  be  present. 

One  of  the  fundamental  postulates  of  the  amorphous-film  theory  is 
that  the  amorphous  metal  is  harder  than  the  corresponding  crystalline 
metal.  ^* 

Having  freely  availed  ourselves  of  the  conception  of  "amorphous"  metal,  it 
may  be  well  to  state  precisely  what  is  understood,  in  this  connection,  by  the  term 
amorphous.  In  accordance  with  Beilby's  views,  and  their  recent  development  by  the 
author  and  his  collaborators,  the  amorphous  condition  is  one  in  which  the  crystalline 
arrangement  of  the  molecules  is  completely  broken  up,  so  that  the  molecules  remain 
in  a  state  of  irregular  arrangement  similar  to  that  which  is  supposed  to  exist  in  the 
liquid  state.  In  fact,  the  amorphous  phase  is  regarded  as  being,  from  the  point  of 
view  of  the  phase  doctrine,  identical  with  the  liquid  phase.  Now  extremely  under- 
cooled  liquids  are  well  known  in  such  substances  as  glass,  vitreous  silica,  etc.,  and 
they  are  hard,  brittle  bodies  devoid  of  plasticity  and  of  crystalline  structure.  Amor- 
phous metal  is,  therefore,  to  be  regarded  as  being  identical  in  nature  with  the  liquid 
metal  if  that  could  be  cooled  down  to  the  ordinary  temperature  without  under- 
going crystallization. 

Elsewhere  Rosenhain^^  says  that  we  have 

On  each  plane  where  slip  has  taken  place  a  layer  of  hard,  non-plastic,  amorphous 
metal.  ...  As  amorphous  layers  are  formed,  the  capacity  of  the  crystals  to  yield 
by  slip  is  diminished  and,  ultimately,  when  a  certain  not  very  large  proportion  of  the 
metal  has  been  converted  into  the  amorphous  condition,  the  metal  has  been  rendered 
incapable  of  further  plastic  deformation— it  has  been  rendered  hard  and  brittle. 

The  implied  reasoning  is  obvious,  though  not  sound.  Glass  is  amor- 
phous and  hard;  therefore  amorphous  metal  is  harder  than  the  corre- 
sponding crystalline  metal.     It  is  an  absolute  non  sequitur;  but  it  seems 


15  Op.  ciL,  377. 
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to  have  impressed  people  all  the  same.  I  have  tried  to  find  whether  there 
were  any  facts  that  would  justify  the  conclusion  quite  irrespective  of 
logic;  but  apparently  there  are  none.  In  my  search  for  information  I 
wrote  to  Doctor  Day  of  the  Geophysical  Laboratory.  He  had  nothing  on 
file,  but  courteously  made  a  few  scratching  tests  with  fused  silica  and 
quartz,  with  albite  crystals  and  glass,  and  with  anorthite  crystals  and 
glass.  He  reported  that  in  each  case  either  form  will  scratch  the  other; 
but  that,  it  seemed  to  him,  the  crystals  scratch  the  glass  rather  more 
readily  than  the  glass  scratches  the  crystal. 

One  must  admire  the  way  in  which  the  amorphous-film  theory  has 
been  built  up,  apparently  without  a  single  fact  back  of  it.  The  trouble 
has  been  that  the  people  who  objected  to  the  theory  have  always  stood 
on  the  defensive  and  have  accepted  the  postulates  of  the  upholders  of 
the  theory. 

The  one  good  point  that  the  supporters  of  the  theory  had  is  that  we 
get  fracture  across  the  crystals  in  general  at  low  temperatures  and  inter- 
crystalline  fracture  at  high  temperatures.  This  was  a  necessary  conse- 
quence of  the  existence  of  a  film  of  amorphous  metal  because  this  would 
soften  with  rising  temperature.  In  order  to  account  for  intercrystalline 
fracture  on  the  other  basis,  we  must  assume  that  fine-grained  metal  is 
the  stronger  at  low  temperatures  and  coarse-grained  metal  the  stronger  at 
higher  temperatures.  It  is  far  from  obvious  that  this  should  be  and  it  is 
especially  gratifying  to  find  that  Rosenhain,  Archbutt,  and  Thompson-" 
have  published  experiments  on  certain  aluminum  alloys  which  at  least 
indicate  that  this  generalization  is  true. 

While  we  are  on  this  subject  there  is  one  more  matter  on  which  I 
should  like  to  comment.  Jeffries^i  says  that  tungsten  is  brittle  when 
equiaxed  and  fibrous  when  ductile,  while  the  common  ductile  metals  are 
just  the  reverse.  This  is  undoubtedly  true  but  it  cannot  be  the  whole 
truth  and,  to  my  mind,  it  misses  the  important  thing.  What  we  want  are 
generalizations  and  not  mere  facts,  though  these  last  are  necessary  at  some 
stage  in  the  game.  What  we  really  want  to  know,  and  what  I  at  least  did 
not  learn  from  Doctor  Jeffries'  article,  is  why  equiaxed  crystals  give  the 
maximum  ductihty  in  one  case  for  a  given  crystal  size  and  the  minimum 
ductility  in  the  other. 

The  metallographists  seem,  to  me,  to  be  very  uncritical  in  another 
matter  and  I  was  very  pleased  to  see  Jeffries  and  Archer-  take  the  ground 
that  we  do  not  necessarily  have  cementite,  FesC,  dissolved  in  austenite 
(gamma  iron)  or  in  martensite.  In  certain  cases  it  is  quite  a  simple 
matter  to  tell  what  are  the  constituents  of  a  given  solid  solution.  With 
ammonium  sulfate  and  potassium  sulfate  there  is  no  reason  to  assume  any 

"0  Inst.  Mech.  Eugrs.  Eleventh  Report  to  Alloys  Research  Committee,  (1921)  29,  31 . 
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other  constituents.  With  copper  sulfate  and  ferrous  sulfate,  it  seems 
probable  that  in  one  series  the  constituents  are  CUSO4.5H2O  and  an 
unstable  FeS04.5H20,  and  in  the  other  series  FeS04.7H20  and  an  un- 
stable CUSO4.7H2O,  These  two  cases  are  quite  simple;  but  what  are  we 
going  to  do  with  brass  and  its  half-dozen  series  of  soHd  solutions?  Shall 
we  assume  six  modifications  of  copper  and  one  of  zinc,  or  vice  versa? 
Shall  we  assume  two  modifications  of  one  metal  and  three  of  the  other? 
Shall  we  assume  the  existence  of  arbitrary  and  hypothetical  compounds, 
such  as  Cu2Zn,  CuZn,  and  CuZn2  for  instance? 

The  orthodox  metallographist  picks  his  compounds^^  presumably  by 
intuition.  If  the  hypothetical  compound  comes  in  the  middle  of  one  of 
the  series,  the  soHd  solution  is  made  up  of  that  compound  crystallizing 
with  an  excess  of  either  component.  If  the  assumed  compound  Hes  out- 
side the  range,  the  solid  solution  consists  of  one  of  the  components  and 
the  unstable  compound.  After  reading  a  great  deal  of  material  of  this 
general  type,  it  is  a  comfort  to  come  across  a  man  like  Doctor  Jeffries 
who  has  the  courage  to  say  that  he  does  not  know.  I  can  cite  another 
case  that  may  be  of  interest  to  Doctor  Jeffries.  There  is  a  definite  com- 
pound CusSn  and  also  a  series  of  solid  solutions  extending  on  either  side 
of  the  composition  CuaSn.  Here  we  know  definitely  that  the  compound 
CusSn  is  not  a  constituent  of  that  series  of  solid  solutions  because  it 
differs  in  properties  from  the  solid  solution  having  the  same  composition. 
At  present,  we  have  no  way  of  teUing  what  are  the  constituents  of  any 
except  the  simplest  series  of  solid  solutions  and  it  seems  to  me  to  be  wiser 
to  say  so.  It  is  quite  possible  that  an  a;-ray  study  of  these  crystals  may 
give  us  definite  information. 

As  hardness  is  unquestionably  resistance  to  permanent  deforma- 
tion, we  cannot  fail  to  be  impressed  by  the  next  step  that  hardening  and 
strengthening  of  metals  are  due  principally  to  interference  with  slip.  I 
am  not  sufficiently  posted  on  the  details  of  the  martensite  controversy 
to  be  certain  that  Jeffries  and  Archer^*  are  absolutely  right;  but  certainly 
their  explanation  seems  to  the  layman  far  and  away  the  best  that  has  yet 
been  put  forward.  The  application  to  duralumin^^  is  very  happy  and  you 
will  please  note  that  this  is  unquestionably  colloid  chemistry. 

Colloid  Chemistry 

There  is  one  point  which  is  not  colloid  chemistry;  but  which  is  so 
closely  connected  with  what  I  have  been  saying  that  I  am  going  to  bring 
it  in.     That  is  the  question  of  the  iron-carbon  diagram.     There  is  a  wide- 

-'Law:  "Alloys  and  Their  Industrial  Applications,"  175.  London,  1914, 
Griffin  &  Co. 
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spread  belief  that  at  ordinary  temperatures  ferrite  and  graphite  are  the 
only  phases  theoretically  stable  and  that  the  interesting  portion  of  the 
ordinary  diagram  represents^®  what  is,  probably,  merely  a  very  persistent 
metastable  system.  So  far  as  I  can  learn,  this  behef  rests  on  two  facts: 
that  austenite  and  graphite  are  the  stable  phases  along  the  liquidus  and 
that,  on  annealing,  a  chilled  carbon-rich  austenite  sets  free  graphite.  The 
reasoning  is  that  a  spontaneous  change  takes  place  in  the  direction  of 
equilibrium,  that  the  spontaneous  change  is  to  graphite,  and  that  conse- 
quently graphite  is  the  stable  phase  at  all  temperatures.  This  is  a 
perfectly  natural  way  to  reason,  but  it  is  bad  logic  and  bad  chemistry. 
The  first  phase  to  appear  is  a  step  toward  equihbrium  but  it  is  not  neces- 
sarily the  final  equilibrium.  It  was  perhaps  a  natural  conclusion  as  long 
as  people  thought  that  the  carbon  in  austenite  was  necessarily  present  as 
dissolved  cementite.  Personally,  I  do  not  believe  that  cementite  is  an 
unstable  phase,  but  that  is  of  no  special  importance.  Whether  my 
conclusion  is  right  or  wrong,  the  fact  remains  that  the  metallographists 
are  not  as  critical  as  they  should  be  and  base  their  conclusions  on  quite 
inadequate  evidence. 

We  can  now  turn  to  other  less  controversial  points.  It  has  been 
shown  by  Fink^'  that  if  we  shake  a  moderately  coarse  powder  with  a  much 
finer  powder,  the  latter  tends  to  coat  the  former  instead  of  going  into  the 
voids  between  the  coarser  grains.  If  coarse  thoria,  which  is  a  white 
non-conducting  powder,  is  mixed  with  finely  powdered  tungsten,  which  is 
black  and  conducts  electricity,  the  tungsten  coats  the  thoria  and  we  get  a 
black  powder  that  conducts  electricity.  If  the  thoria  is  fine  and  the 
tungsten  is  coarse,  the  same  mixture  by  weight  will  be  a  white  powder  that 
does  not  conduct  electricity,  because  the  thoria  is  now  on  the  outside, 
coating  the  tungsten. 

Nobody  has  worked  out  the  conditions  for  electrical  conductivity  in 
two-phase  alloys;  but  it  is  easy  to  see  that  there  are  three  possible  cases; 
When  metal  A  is  the  continuous  phase  and  metal  B  the  discontinuous  or 
dispersed  phase;  when  metal  B  is  the  continuous  phase  and  metal  A  the 
discontinuous  or  dispersed  phase;  and  the  interlacing  system  in  which 
both  A  and  B  are  continuous.  If  A  is  a  metal  or  phase  of  high  conduc- 
tivity and  B  is  a  metal  or  phase  of  low  conductivity,  the  alloy  will  have  a 
much  higher  conductivity  when  B  is  the  discontinuous  phase  than  when 
A  is  and  yet  this  point  is  not  considered  in  the  discussion  of  the 
conductivity  of  alloys. 

What  looks  like  a  very  important  application  of  colloid  chemistry  is 
the  breaking  of  metals  under  fatigue  tests.  There  is  considerable 
evidence  to  show  that  non-metallic  inclusions,  or  sonims,  are  an  impor- 
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tant  factor  in  determining  the  life  of  a  bar  under  fatigue  tests;  if  this  is 
true  and  if  it  proves  possible  to  eliminate  sonims  economically,  this  means 
a  complete  revolution  in  engineering  practice.  The  possibilities  are 
wonderful,  first  to  aviation  and  then  to  the  world  at  large.  I  do  not 
guarantee  the  calculation ;  but  I  have  been  told  that  if  all  metal  were  as 
good  as  the  best  that  is  now  made,  it  would  be  possible  to  cut  the  weight 
of  a  locomotive  to  that  of  a  Ford  car  without  decreasing  its  power,  though 
the  loss  of  traction  would  be  large. 

Relation  of  Colloid  Chemistry  to  Corrosion 

Another  problem  which  is  essentially  colloid  chemistry  is  corrosion. 
Practically  all  metals  corrode  in  contact  with  aqueous  solutions  and  air. 
While  there  are  all  gradations  of  corrosion  and  while  it  is  possible  that  we. 
cannot  draw  a  sharp  dividing  line,  we  can  distinguish  the  extreme  cases 
without  difficulty.  In  the  one  case,  the  corrosion  continues  until  the  metal 
is  destroyed,  and  in  the  other  the  attack  comes  practically  to  a  standstill. 
Iron  and  nickel  are  two  striking  illustrations  of  this.  Although  iron  and» 
nickel  are  close  together  in  the  periodic  table,  we  electroplate  iron  with 
nickel  in  order  to  preserve  it. 

If  a  metallic  surface  is  corroded  by  the  medium,  the  attack  must 
continue  as  long  as  the  unchanged  surface  is  exposed  to  the  unchanged 
medium.  A  cessation  of  the  attack  under  otherwise  unchanged  condi- 
tions can  occur  only  when  the  unchanged  medium  does  not  come  in 
contact  with  the  unchanged  metallic  surface;  in  other  words,  when  the 
metallic  surface  becomes  coated  with  a  film  that  prevents  the  corroding 
medium  from  coming  in  contact  with  the  metallic  surface.  In  a  way  this 
is  a  truism.  Everybody  knows  it  except  the  people  who  study  corrosion. 
We  paint  or  varnish  metals  to  protect  them.  We  know  that  aluminum 
and  nickel  owe  their  relative  stability  to  the  formation  of  an  oxide  film. 
Everybody  knows  that  a  copper  roof  turns  gieen  fairly  rapidly  and  that 
the  coating  of  basic  carbonate  retards  the  action  of  the  weather  on  the 
underlying  copper.  Parkerized  iron  owes  its  resistance  to  corrosion  to 
the  presence  of  a  film  of  oil  and  phosphate.  Coating  iron  suitably 
with  ferro-ferric  oxide  decreases  the  corrosion,  while  an  unsuitable 
coating  with  the  same  compound  accelerates  the  corrosion.  Lead 
and  lead  peroxide  in  sulfuric  acid  form  a  storage  battery;  but  the 
positive  plate  consists  of  lead  and  lead  peroxide  without  being  a 
short-circuited  cell,  because  the  lead  peroxide  coats  the  lead  and  prevents 
the  sulfuric  acid  from  coming  in  contact  with  it.  The  whole  problem  of 
retarded  corrosion  is,  therefore,  essentially  a  question  of  film  formation. 
This  has  been  recognized  explicitly  by  Buck,  Richardson,  and  others;  but 
it  is  not  generally  accepted  as  yet  and  little  has  been  done  along  the  line  of 
determining  the  theoretical  conditions  necessary  for  the  formation  of  a 
protecting  film.     Great  stress  is  still  laid  on  electromotive-force  measure- 
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ments,  though  these  are  practically  valueless.  The  measurement  of  the 
electromotive  force  shows  which  of  two  metals  has  the  greater  tendency  to 
start  corroding,  a  thing  that  is  only  of  academic  interest;  it  shows  nothing 
as  to  the  important  question  whether  the  metal  will  keep  on  corroding. 
Electromotive-force  measurements  would  tell  us  nothing  about  the  marked 
difference  between  iron  and  nickel  unless  the  measurements  were  made 
so  badly  that  they  were  not  measurements  of  the  true  electromotive 
force.  We  find  a  striking  illustration  of  the  futility  of  electromotive- 
force  measurements  in  the  case  of  the  copper-tin  alloys.  The  electromo- 
tive forces  of  all  the  alloys  lie  between  those  of  tin  and  of  copper  and 
one  would  therefore  expect  the  corrodibility  to  decrease  as  one  went 
through  the  series  from  tin  to  copper.  As  a  matter  of  fact,  Cm'ry^^  found 
that  the  electrochemical  corrosion  is  relatively  slight  in  most  solutions 
for  the  bronzes  containing  40-75  per  cent,  copper  and  is  much  higher  for 
alloys  richer  in  copper  or  in  tin.  The  reason  for  this  apparent  passivity 
was  found  to  be  the  formation  of  a  surface  film  of  stannic  oxide;  but  we 
,do  not  know  why  this  particular  type  of  film  is  formed  in  these 
particular  alloys. 

Many  people  do  not  believe  that  there  is  an  oxide  film  on  the  surface 
of  passive  iron;  very  few  people  believe  that  there  is  an  oxide  film  on  the 
surface  of  chromium  or  of  ferrochrome,  and  we  are  still  more  vague  in 
regard  to  ferrosilicon.  An  independent  test  for  the  existence  of  such 
film  would  be  very  desirable.  I  think  that  a  test  can  be  developed  which 
will  be  applicable  in  most  cases,  though  perhaps  not  in  all.  A  lead- 
plate  anode  in  sulfuric  acid  becomes  coated  with  lead  sulfate,  which  is 
then  oxidized  to  lead  peroxide;  this  latter  forms  a  film  that  protects  the 
lead  beneath,  pretty  well,  from  further  electrolytic  corrosion.  If  the 
current  is  reversed,  the  lead  peroxide  is  reduced  to  lead  sulfate  or  to 
spongy  lead  as  the  case  may  be.  By  successive  reversals  of  the  current 
(in  other  words,  by  successive  oxidation  and  reduction)  it  is  possible 
to  corrode  the  plate  to  any  extent  desired.  This  is  the  Plante  method  of 
forming  storage-battery  plates;  it  is  sure  but  it  is  slow.  If  an  alternating 
current  is  passed  through  lead  electrodes  in  sulfuric  acid  and  the  current 
density  made  high  enough,  the  lead  corrodes  completely  to  lead  sulfate. 
This  might  be  appHed  in  other  cases  where  there  is  a  film;  but  with  so 
high  a  current  density,  one  does  not  know  the  temperature  at  the  electrode 
surface.  It  would  be  worth  while  to  try  superposing  an  alternating 
current  on  a  direct  current  with  lead  electrodes  in  sulfuric  acid.  While 
this  might  not  work,  on  account  of  the  insolubility  of  lead  sulfate,  we 
know  that  it  causes  the  electrolytic  corrosion  of  platinum.-^  It  seems 
probable  that  an  alternating  current  superposed  on  a  direct  current  would 


^^J7il.  Phys.  Chem.  (1906)  10,  474. 

"  Margules:  Wied.  Ann.  (1898)  65,  629;  66,  540;  Ruer:  Zeit.  Phys.  Chem.  (1903) 
44,  81;  Zeit.  Elektrochemie.  (1905),  11,  661;  Haber:  Zeit.  Anorg.  Chem.  (1906)  51,  365. 
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cause  passive  iron  to  corrode  in  concentrated  nitric  acid,  especially  as 
we  know  that  an  alternating  current'"  alone  will  cause  iron  to  corrode  in 
nitric  acid  (Sp.  g.  1.40).  No  experiments  of  this  sort  seems  to  have  been 
made  with  chromium;  but  we  know  that  chromium  becomes  passive 
when  made  the  anode  in  hydriodic  acid,  but  dissolves  when  no  current 
flows,  because  of  the  activation  due  to  the  hydrogen  set  free  at  the  surface 
of  the  metal."  In  the  case  of  ferrosilicon,  the  method  might  fail,  because 
a  film  of  silica,  if  formed,  would  not  necessarily  be  reduced. 

After  the  existence  of  surface  films  has  been  shown  in  the  doubtful 
cases,  it  is  desirable  that  suitable  methods  for  the  microscopic  study  of 
these  films  should  be  developed.  It  is  quite  likely  that  an  entirely  new 
technique  may  be  necessary.  The  next  step  will  be  to  study  the  prop- 
erties of  these  films  more  carefully  than  has  been  done.  If  a  protecting 
film  of  stannic  oxide  can  be  obtained  by  corroding  certain  bronzes,  is  it 
not  possible  to  prepare  such  a  film  by  a  method  that  can  be  applied  to 
other  metals?  This  is  the  more  probable  because  of  what  has  been  done 
with  parkerized  iron.  Even  if  this  could  be  done,  it  would  not  be  abso- 
lutely satisfactory  because  the  film  would  act  like  a  varnish  and  would 
not  protect  if  cracked.  What  is  wanted  is  a  self-healing  film.  It  might 
be  possible  to  add  to  pure  tin  something  that  would  cause  it  to  corrode 
to  stannic  oxide  with  the  properties  of  the  stannic  oxide  obtained  by 
electrolytic  corrosion  of  the  copper-tin  bronzes  containing  40-75  per 
cent,  copper.  The  reverse  is  possible  because  the  addition  of  potassium 
chlorate  to  sulfuric  acid  causes  the  formation  of  a  porous  lead  peroxide 
instead  of  a  protecting  film.  This  makes  the  rapid  formation  of  peroxide 
plates  a  possibility,  but  the  process  was  not  a  success  commercially 
because  it  was  not  possible  to  remove  the  chlorate  completely  and  the 
plates  continued  to  corrode.  Whenever  a  metal  surface  is  subject  to 
erosion,  a  self-healing  film  is  absolutely  necessary. 

We  must  determine  just  what  sort  of  a  film  is  formed  when  copper- 
bearing  steels  are  exposed  to  atmospheric  corrosion ;  we  should  then  show 
that  this  same  sort  of  film  is  not  formed  or  does  not  protect  when  these 
steels  are  immersed  in  liquids. 

A  rapid  method  for  studying  corrosion  must  be  developed ;  probably 
such  a  test  will  be  an  electrochemical  one,  but  there  is  no  convincing 
proof  of  this.  There  is  an  approximate  parallelism  between  chemical  and 
electrochemical  corrosion  under  certain  conditions;  but  we  do  not  know 
the  limitations  nor  the  best  way  to  carry  out  the  electrochemical  tests. 
Let  us  consider  the  chemical  corrosion  of  an  alloy  in  a  concentrated 
sodium-chloride  solution  exposed  to  the  air.  Will  the  chemical  corrosion 
be  the  same  as  the  electrochemical?     At  first  sight  the  question  seems 


3"  Ruer:  Zeit.  Eleklrochemie  (1903)  9,  239. 

31  Bennett  and  Burnham:  Jnl  Phys.  Chem.  (1917)  21,  147. 
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absurd  because  the  chemical  corrosion  is  obviously  due  to  oxygen  while 
electrolysis  of  a  sodium-chloride  solution  sets  free  chlorine;  and  every- 
body^ knows  that  the  action  of  chlorine  on  alloys  is,  or  may  be,  quite 
different  from  that  of  oxygen.  On  the  other  hand  Curry^^  found  that  the 
chemical  corrosion  of  the  bronzes  in  sodium-chloride  solutions  was  quite 
different  from  that  in  sodium-persulfate  solutions  and  was  unexpectedly 
like  the  electrochemical  corrosion  in  chloride  solutions,  while  the  per- 
sulfate  solutions  behaved  like  electrolyzed  sulfate  solutions.  The 
difficulty  disappears  if  we  do  not  consider  the  oxygen  of  the  air  as  acting 
directly  upon  the  alloy.  If  we  consider  that  we  have  a  cell  with  a  metal 
anode  and  an  oxygen  cathode,  the  results  of  the  chemical  corrosion  will 
be  identical  with  those  of  the  electrochemical  corrosion  except  in  so  far 
as  variation  of  current  density  affects  the  results.  Experiments  should 
be  made  with  carefully  selected  alloys  to  determine  chemical  corrosion  in 
different  salt  solutions  of  different  concentrations,  and  these  experi- 
ments should  be  paralleled  by  electrochemical  experiments  with  the 
same  salt  solutions  at  different  current  densities  so  as  to  determine  at 
what  limiting  current  densities,  if  any,  chemical  and  electrochemical 
corrosion  are  identical  or  nearly  so. 

Of  course  the  results  of  a  rapid  electrochemical  test  will  not  neces- 
sarily be  applicable  directly  to  a  case  of  atmospheric  corrosion.  The 
behavior  of  the  copper-bearing  steels  shows  that .  If  one  part  of  the  problem 
is  worked  out  in  good  shape,  it  is  practically  certain  that  it  will  be  a  simple 
matter  to  modify  either  the  experiments  or  the  conclusions  so  that  atmos- 
pheric corrosion  can  be  satisfactorily  discussed.  The  difficulty  at 
present  is  not  that  we  cannot  explain  everji-hing ;  we  are  absolutely  cer- 
tain of  nothing  definite.  We  ought  to  get  real  results  in  the  future  because 
the  whole  problem  of  corrosion  is  to  be  taken  up  by  a  committee  of  the 
National  Research  Council.  This  committee  will  work  in  cooperation 
with  committees  of  the  scientific  societies  interested  in  this  problem. 

In  electrolytic  refining,  the  sizeof  the  crystals  of  the  deposited  metal  are 
modified  by  adding  to  the  solution  something,  usually  a  colloid,  which 
is  adsorbed  strongly  by  the  electro-deposited  metal  and  thereby  keeps 
down  the  size  of  the  crystals.  This  has  made  the  commercial  electrolytic 
refining  of  lead  feasible.  A  disturbing  colloid  phenomenon  in  electro- 
chemistry is  the  peptization  of  molten  metal  by  the  bath,  producing 
the  so-called  metal  fogs.  When  making  sodium  by  the  electrolysis  of 
fused  caustic  soda,  it  is  necessary  to  keep  within  narrow  temperature 
limits.  The  lower  limit  is  that  temperature  at  which  the  bath  freezes. 
If  the  temperature  is  allowed  to  rise  more  than  20°  above  this  point, 
so  much  metal  is  peptized  and  burned  that  the  current  efficiency  drops 
practically  to  zero.     With  aluminum  it  is  stated  that  the  practical  tem- 

«  Jnl.  Phys.  Chem.  (1906)  10,  494. 
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perature  range  is  a  little  wider,  say  75°.  I  had  always  supposed  that  the 
peptized  metal  was  burned  at  the  anode;  but  I  was  told  recently  that  this 
is  not  the  case,  and  that  the  metal  is  oxidized  before  it  has  moved  far  from 
the  cathode  surface. 

Relation  of  Colloid  Chemistry  to  Ore  Flotation 

The  last  matter  I  am  going  to  mention  is  ore  flotation,  which  is  an 
important  process  technically  and  one  of  great  interest  to  the  colloid 
chemist.  In  the  process,  as  worked  under  the  patents  of  the  Minerals 
Separation  Co.,  a  relatively  small  amount  of  oil  is  added  to  the  pulp  and 
air  is  beaten  into  it.  If  there  were  only  oil  and  water  present,  we  should 
get  bubbles  of  air  with  an  oil  film  between  the  air  and  the  water;  these 
would  be  so  fragile  that  they  would  break  at  once  on  reaching  the  surface. 
As  the  sulfide  ore  is  wetted  more  readily  by  the  oil  than  the  siliceous 
gangue,  it  passes  into  the  oil  film  making  the  latter  very  viscous  and 
producing  a  stable  froth  that  rises  to  the  surface,  carrying  much  of  the 
valuable  minerals  with  it,  while  the  sihceous  gangue  settles  to  the  bottom 
of  the  tank.  If  the  amount  of  air  bubbles  is  very  large  relatively  to  the 
ore,  as  in  the  Callow  process,  the  bubbles  are  not  so  heavily  coated  with 
sulfide  and  consequently  are  much  more  fragile.  The  one  process  aims 
to  give  a  stable  froth  and  the  other  a  fragile  froth.  To  this  extent  at  least 
the  two  processes  are  fundamentally  different.  The  separation  of  the 
sulfide  particles  from  the  gangue  is  said  to  take  place  at  the  top  of  the 
tank  in  the  Callow  process  and  in  the  mass  of  the  liquid  in  the  Minerals 
Separation  Co.'s  process;  but  a  discussion  of  this  would  carry  us  too 
far  afield. 

In  this  sketch  I  have  tried  to  make  clear  that  bubbles,  drops,  grains, 
filaments,  and  films  are  of  distinct  interest  and  importance  to  the  members 
of  the  Institute  of  Metals. 

(Disciission  of  this  paper  is  printed  on  page  1152.) 
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Mechanism  of  Metallic  Oxidation  at  High  Temperatures 

By  N.  B.  Pilling  and  R.  E.  Bedworth,  East  Pittsburgh,  Pa. 

(Rochester  Meeting,  June,  1922) 

The  corrosion  of  inetals  is  one  problem  on  which  time  and  thought 
have  been  expended  for  many  j'^ears.  In  the  effort  to  avert  the  destruc- 
tive action  of  a  hostUe  environment,  attention  has  been  directed  almost 
entirely  to  the  conditions  under  which  most  metalUc  structures  are  called 
upon  to  perform,  and  the  extensive  and  compHcated  phenomena  attend- 
ing the  corrosive  action  of  atmospheric  agencies,  acting  at  the  ordinary 
atmospheric  temperatures,  have  been  studied,  but  there  is  unanimity  of 
opinion  regarding  many  fundamental  facts. 

One  neglected  phase  is  the  corrosive  action  of  various  gases  upon 
metals  exposed  to  temperatures  considerably  higher  than  the  atmospheric 
range,  and  more  especially  the  attack  of  atmospheric  oxygen  upon  exposed 
metallic  surfaces.  That  the  problem  is  difficult  is  connoted  by  the  prac- 
tical dominance  of  industrial  electric  heating  by  alloys  of  one  type  (nickel- 
chromium).  Proprietary  interest  may  account,  in  part,  for  the  paucity 
of  information  available  upon  even  the  most  general  factors  determining 
the  behavior  of  metals  and  alloys  when  exposed  to  such  exacting 
conditions. 

The  present  paper  gives  some  conclusions  reached  as  the  result  of 
experimental  work,  extending  over  several  years,  on  the  mechanism  and 
contributory  factors  of  the  high-temperature  oxidation  of  a  number  of 
simple  unalloyed  metals;  it  is  free  from  experimental  detail  and  proof. 

High-temperature  metalhc  oxidation  may  be  considered  as  a  phase 
of  metallic  corrosion.  The  scheme  outlined  below,  in  which  corrosive 
agent  and  environment  are  the  principal  criteria,  is  one  way  of  analyzing 
the  several  groups  of  corrosion  phenomena. 

Erosion. — Disintegrating  or  destructive  action  by  ph3^sical  causes. 

Corrosion. — Disintegrating  or  destructive  action  by  chemical  causes. 

Low-temperature  Corrosion. — SoHd  participating  phases  essentially 
immobile:  (a)  Gaseous  agent;  (6)  liquid  agent:  action  electroly1;ic  and 
action  non-electrolytic. 

High-temperature  Corrosion. — Solid  participating  phases  possess 
diffusive  mobihty:  (a)  Liquid  agent;  (6)  gaseous  agent:  reducing  gases, 
oxidizing  gases.  (1)  Water;  (2)  miscellaneous  elemental  and  combined 
oxygen. 
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Except  for  the  division  between  high-  and  low-temperature  action, 
the  classification  is  obvious.  High  and  low  are  only  relative  terms,  with 
no  boundary  between  them.  Similarly,  there  is  no  reason  for  the  state- 
ment that  diffusion  is  inoperative  at  a  certain  low  temperature;  but  there 
is  an  essential  difference  because  when  the  temperature  is  raised  suffi- 
ciently the  forces  of  diffusion  become  active  with  such  rapid  amplification 
as  to  become  dominant.  The  diffusive  mobiUty  of  the  solid  constituents 
of  alloys  when  highly  heated  is  a  property  recognized  by  every  metal- 
lurgist, and  some  of  the  fundamental  operations  of  physical  metallurgy, 
such  as  the  heat  treatment  and  cementation  of  ferrous  alloys,  rest  upon 
it  as  a  foundation.  The  solution  and  diffusion  of  gases  in  solids  are  appre- 
ciated by  all  who  have  handled  hot  hydrogen. 

Oxidation  is  a  chemical  reaction,  and  a  reversible  one;  that  is,  in  the 
presence  of  oxygen,  at  a  sufficiently  high  temperature,  a  metal  may  be 
oxidized  or  its  oxide  decomposed  by  suitably  adjusting  the  pressure 
(concentration)  of  the  oxygen  atmosphere.  At  pressures  greater  than 
the  equilibrium  dissociation  pressure  of  the  lowest  oxide,  oxidation  occurs; 
at  lower  pressures,  the  oxide  decomposes  and  the  metal  is  unchanged  in 
contact  with  free  oxygen.  This  dissociation  pressure  is  not  a  constant; 
it  increases  with  rising  temperature  somewhat  after  the  manner  of  vapor 
pressures.  For  example,  oxidation  of  silver  and  palladium  occurs, 
at  atmospheric  pressures,  at  low  temperatures  and  reduction  at  higher 
ones. 

The  first  great  division  in  the  behavior  of  metals  may  be  made  on  the 
basis  of  the  order  of  magnitude  of  the  dissociation  pressure  of  the  lowest 
oxide,  serving  to  separate  the  noble  from  the  base  metals.  The  former 
fall  within  the  range  of  atmospheric  pressures  and  above;  the  latter  are 
extremely  minute  (e.g.,  at  1000°  C,  the  dissociation  pressure  of  cuprous 
oxide  is  estimated^  to  be  of  the  order  of  ten-millionths  of  an  atmosphere). 
The  few  metals  that  by  this  distinction  may  be  classed  as  non-oxidizing 
are  gold,  platinum,  rhodium,  silver,  palladium,  and  some  chemically 
similar. 

The  base  metals  comprise  the  remainder  of  the  common  metalhc  ele- 
ments and  may  be  divided  according  to  the  physical  texture  of  the  oxide 
formed;  the  determining  factor  is  one  of  relative  metallic  and  oxide  den- 
sity. As  the  surface  of  a  metalhc  wire,  for  example,  is  being  oxidized  a 
cylindrical  shell  of  metal  is  replaced  by  a  cyUndrical  shell  of  oxide,  which 
may  or  may  not  take  up  more  space  than  the  former.  The  characteris- 
tics of  the  formation  of  subsequent  layers  of  oxide  depend  on  which  of 
these  conditions  is  fulfilled.  If  the  layer  of  oxide  formed  takes  up  more 
space  than  the  volume  of  metal  that  was  oxidized  to  produce  it,  the  oxide 
layer  forms  a  tight-fitting,  soHd  sheet;  if  the  reverse  is  the  case,  there  is 

1 W.  Stahl,  MetaUurgie  (1907)  4,  682. 
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more  space  available  within  the  original  metallic  dimensions  than  the 

oxide  density  requires,  and  a  porous,  bricky  structure  is  the  result.     In 

the  former  case,  the  enveloping  oxide  layer  may  impede  further  oxidation; 

in  the  latter,  because  of  its  porosity,  it  does  not.     The  critical  density 

Wd 
ratio  is  given  by  the  expression  -^,  in  which  W  is  the  molecular  weight  of 

oxide  formed;  w,  formula  weight  of  metal;  D,  density  of  oxide  formed; 
d,  density  of  metal.  The  cellular  oxide  structure  results  when  this  ratio 
is  less  than  unity;  the  solid  crystalHne  oxide  when  it  exceeds  unity.  Table 
1  gives  values  for  this  critical  ratio  computed  from  data  available  in 
current  physical  tables. 

Table  1 


Metat, 

Critical 

Density 

Ratio 

Metal 

Critical 
Density 
Ratio 

Aluminum 

1.28 

Nickel 

1.68 

Barium 

0.78 

Potassium 

0.61 

Cadmium 

1 .  32 

Silicon 

Sodium 

2.04 

Caesium 

0.42 

0.S2 

Calcium 

0.78 

Strontium 

0.69 

Chromium 

3.92 

Thorium 

1 .  36 

Cobalt 

2.10 

Tin 

1.33 

Copper 

1 .  70 

Tungsten 

3 .  30 

Iron 

2.06 

Zinc 

1 .  59 

Lead 

1.31 

Zirconium 

1.55 

Ldthium 

0.60 

Magnesium 

0.8J^ 

Manganese 

2.07 

Those  metals  that  fall  into  the  cellular  oxide  structure  group  comprise 
most  of  the  so-called  light  metals;  the  characteristics  of  oxidation  of  the 
group  have  been  confirmed  experimentally  with  magnesium  and  calcium. 
Wires  of  these  two  metals  heated  in  dry  oxygen  below  their  ignition 
temperatures  (about  525°  C.)  form  oxide  coatings,  the  thickness  of  which 
increases  directly  proportional  to  the  time  of  oxidation;  that  is,  the  forma- 
tion of  an  oxide  film  does  not  interfere  with  the  speed  at  which  subsequent 
films  are  formed.  After  complete  oxidation  of  a  calcium  wire,  the  result- 
ing lime  wire  had  the  same  micrometer  diameter  as  the  initial  metallic 
diameter,  and  from  the  known  densities  of  calcium  and  calcium  oxide  it 
appears  that  45  per  cent,  of  the  volume  of  this  lime  wire  was  void.  A 
steady  stream  of  oxygen  will  pass  through  this  porous  layer  to  the  oxidiz- 
ing metalhc  surface  without  detectable  impedance ;  expressed  differently, 
the  oxygen  pressure  gradient  through  an  oxide  coating  of  this  type  is 
zero. 

The  remaining  group,  which  is  composed  of  most  of  the  common 
metals,  form  compact  enamel-like  jackets  of  oxide,  being  free  to  expand 
outwards  as  they  form,  and  all  have  a  progressive  decrease  in  rate  of 
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oxidation  at  constant  temperature,  proportional  to  the  thickness  of  the 
layer  of  oxide  formed.  This  leads  to  a  parabohc  relation  between  time 
and  quantity  of  oxidation,  the  square  of  the  weight  of  oxide  formed  per 
unit  of  surface  being  proportional  to  the  time  of  oxidation.  Quantitative 
verification  of  this  fact  has  been  obtained  with  copper,  iron,  nickel,  zinc, 
lead,  cadmium,  and  aluminum.  At  any  time,  the  rate  of  oxidation  is 
inversely  proportional  to  the  thickness  of  the  layer  of  oxide  then  on  the 
surface.  The  fact  that  this  rate  various  quantitatively  with  the  amount 
of  oxide  overlying  the  metal  surface  points  to  an  important  conclusion, 
that  the  speed  of  the  reaction  is  not  determined  by  any  property  of  the 
metal  at  all,  but  is  determined  by  some  combination  of  physical  properties 
of  its  oxide:  To  explain  the  known  differences  in  the  behavior  of  the 
metals,  as  regards  high-temperature  oxidation,  metalhc  properties  may  be 
forgotten,  but  a  knowledge  of  the  characteristics  of  their  oxides  is  impera- 
tive. Unfortunately,  the  determinative  properties  are  of  a  type  in  which 
quantitative  information  is  lacking  almost  entirely. 

The  way  in  which  the  oxide  layer  limits  the  rate  of  oxidation  can  only 
mean  that  the  transmission  of  oxygen  through  this  layer  to  the  reaction 
surface,  which  is  the  juncture  of  metal  and  oxide,  is  effected  against  a 
resistance  that  is  proportional  to  its  thickness.  For  many  reasons  it 
appears  that  this  transmission  must  be  accomplished  by  the  actual  solu- 
tion of  oxygen  in  the  metalhc  oxide,  and  its  diffusion  while  in  the  dissolved 
condition  from  the  outside  to  the  inside  surface.  The  motive  force  of 
diffusion  is  difference  in  concentration,  and  speed  of  diffusion  is  deter- 
mined by:  (a)  the  concentration  gradient  of  the  diffusing  substance  and 
(6)  the  diffusional  resistivity  of  the  obstructing  medium.  In  the  case 
of  metallic  oxidation,  the  concentration  of  free  oxygen  at  the  reaction 
surface  is  maintained  at  or  near  a  value  corresponding  to  the  oxide  disso- 
ciation pressure ;  at  the  outer  surface  it  is  that  of  the  maximum  solubihty 
of  oxygen  in  the  oxide,  and  the  difference  between  the  two  is  the  operating 
force  causing  a  steady  stream  of  free  oxygen  to  pass  through. 

The  critical  oxygen  pressure  that  we  interpret  as  bearing  a  close  rela- 
tion to  maximum  oxygen  solubility  may  be  determined  by  rate  observa- 
tions in  oxygen  atmospheres  of  varying  tenuity,  and  the  diffusional  resis- 
tivity deduced  from  it  and  the  diffusion  rate.  Table  2  gives  a  comparison 
of  the  critical  constants  for  three  metals  for  a  temperature  of  900°  C. 

Table  2 

Electeolttic 

COPPEE 

Rate  of  oxidation  — ^^^ 0.000127 

Diffusional  resistance  of  oxide  (arbi- 
trary units) 2,840 

Critical    oxygen    pressure,  mm.    Hg. 

(maximum  solubility) 0. 36 


Electbolttic 
Ibon 

Electrolytic 
Nickel 

0.00065 

0.00000076 

310 

50,000 

0.20 

0.04 
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Nickel  at  this  temperature  is  165  times  as  resistant  to  oxidation  as  copper, 
because  the  oxygen  solubility  of  nickel  oxide,  as  compared  with  cuprous 
oxide,  is  one-tenth  as  great  and  its  resistance  to  diffusion  seventeen 
times  greater. 

The  way  in  which  the  rates  of  oxidation  change  with  temperature, 
according  to  our  previous  analysis,  is  equivalent  to  the  temperature 
change  in  diffusivity  of  oxygen  through  oxide,  inasmuch  as  the  corre- 
sponding change  in  oxygen  solubility  appears  to  be  slight.  The  quad- 
ratic rate  constant  (isothermal)  for  all  of  the  metals  we  have  examined  is 
related  to  the  temperature  of  oxidation  according  to  the  type  equation 

A;  =  AT'\ 
a  parabolic  equation  in  which 

k    =  rate  constant; 

T  =  absolute  temperature; 

A  and  n  =  characteristic  constants. 

The  shape  of  the  curve  is  determined  by  the  value  of  n,  which  is  different 
for  the  several  metals,  but  always  fairly  large  and  usually  between  10  and 
20.  The  rate  of  oxidation  thus  changes  rapidly  with  temperature;  but 
the  generality  of  the  equation  makes  a  simple  comparison  between  two 
metals  difficult,  except,  which  is  quite  unlikely,  when  the  exponents  are 
equal.  Thus,  the  ratio  between  the  isothermal  oxidation  rates  of  two 
metals  varies  with  temperature  and  may  even  reverse  in  relative 
magnitude. 

As  to  the  fidelity  with  which  metallic  oxidation  follows  this  simple 
law,  we  can  only  say  that  in  the  case  of  copper,  experimentally  observed 
points  in  the  temperature  range  400-1000°  C.  lie  on  this  curve  with 
great  closeness,  although  at  temperatures  of  600°  C.  and  below  there  are 
deviations  in  the  direction  of  faster  rates,  which  approach  the  theoretical 
rates  as  a  lower  limit.  The  cause  for  this  deviation  is  apparently  due  to 
Assuring  of  the  protective  oxide  coating  by  the  expansive  action  of  the 
formation  of  new  underlying  oxide  layers,  and  the  failure  of  the  original 
oxide  surface  to  accommodate  itself  to  the  expansion  on  account  of  insuffi- 
cient plasticity. 

Aluminum  and  cadmium  behave  in  an  anomalous  manner  in  that 
oxidation  proceeds  according  to  the  parabolic  law,  as  is  required  by  their 
density  ratios,  until  an  oxide  coating  that  is  hardly  more  than  a  film  is 
formed,  whereupon  oxidation  ceases.  At  a  temperature  of  600°  C, 
this  film  forms  upon  aluminum  in  about  60  hr.,  and  further  exposure  up 
to  900  hr.  produces  no  increase.  This  critical  oxide  film  weighs  about 
0.00010  gm.  per  sq.  cm.,  corresponding  to  a  thickness  of  0.00002 
centimeter. 
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DISCUSSION 


Paul  D.  jVIerica,  New  York,  N.  Y.  (written  discussion). — This  paper 
is,  as  far  as  I  know,  the  first  attempt  to  give  what  might  be  called  theo- 
retical form  to  om"  knowledge  of  high-temperature  oxidation  and  should 
prove  most  serviceable  in  providing  a  skeleton  theory  of  the  phenomenon, 
by  which  such  future  tests  and  measurements  may  be  expressed  in  definite 
and  explicit  terms. 

The  principal  argument  of  the  paper — that  the  rate  of  oxidation  of 
metal  at  high  temperatures  is  determined  principally  by  the  properties 
of  its  oxides — has  for  some  time  been  generallj^  admitted  by  all  interested 
in  the  subject.  In  fact,  the  marked  effect  of  the  films  or  layers  of  corro- 
sion produced  in  accelerating  or  retarding  corrosion  in  general,  whether 
at  high  or  low  temperatures  or  by  gases  or  solutions,  is  thoroughly  recog- 
nized. Thus  the  resistance  to  corrosion  of  aluminum,  the  passivity  of 
iron,  and  the  resistance  to  oxidation  of  nickel  and  nickel  alloys  are  quite 
generally  assumed  to  be  due  to  film  interference. 

The  arguments  and  data  presented  by  the  authors  seem  quite  reason- 
able in  view  of  our  experience  with  high-temperature  oxidation.  We 
have  frequently  noted  in  oxidation  tests  that  the  oxide  coatings  of  iron, 
copper,  and  nickel  alloys  formed  at  high  temperatures  are  under  a  stress 
of  compression,  as  they  will  often  fly  off  quite  violently  when  scratched 
or  jarred;  this  agrees  with  the  authors'  idea  that  it  is  to  the  density  of  the 
oxide  caused  by  formation  with  increase  of  volume  that  its  resistance  is 
due. 

The  exponential  relation  postulated  by  the  authors  between  rate  of 
oxidation  and  temperature  also  agrees  with  our  experience,  as  well  as  the 
fact  that  this  exponent  is  quite  widely  variable.  Thus,  wrought  iron, 
within  15  days,  shows  a  penetration  of  oxidation,  at  1000°  C.  in  air,  of 
about  0.30  in.  and  at  800°  C.  only  about  0.01  in.;  pure  nickel  shows  a  pene- 
tration of  about  0.001  in.  at  800°  C.  and  about  0.01  in.  at  1000°  C.  in  the 
same  time. 

I  assume  that  the  values  described  as  critical  oxygen  pressures  repre- 
sent pressures  of  oxygen  above  which  no  increase  in  oxidation  rate  for 
constant  oxide-layer  thickness  and  temperature  takes  place.  In  this 
connection  I  should  like  to  add  that  the  transfer  of  oxygen  through  oxide 
layers  may  also  be  considered  as  due  to  formation  and  diffusion  of  solid 
solutions  of  a  higher  and  a  lower  oxide,  as  described,  for  example,  by 
Doctor  Sosman  in  the  case  of  the  iron  oxides.  In  that  case  the  values 
of  the  oxygen  pressures  might  be  regarded  as  dissociation  pressures  of 
the  oxide  sohd  solutions.  Have  the  authors  formed  any  opinion  on  the 
structure  and  constitution  of  these  oxide  layers? 

The  viewpoint  of  the  authors  may  perhaps  be  most  strikingly  illus- 
trated b}'  the  fact  that  although   an  oxygen  pressure  of   only   10"^^ 
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atmosphere  will  oxidize  nickel  at  1000°  C,  one  of  10~^  atmosphere  is 
necessary  to  oxidize  copper  at  the  same  temperature;  actually  copper 
oxidizes  at  a  rate  about  200  times  that  of  the  rate  of  nickel  at 
this  temperature. 

Carbon  dioxide  and  even  carbon  monoxide  gases  may  be  oxidizing  in 
their  action,  although  not  ordinarily  considered  so.  Thus  a  furnace  gas 
containing  15  per  cent,  carbon  dioxide  and  1  per  cent,  carbon  monoxide, 
though  usually  considered  reducing  in  character,  will  oxidize  a  metal,  such 
as  iron  or  even  nickel,  having  an  oxygen  dissociation  pressure  as  great  as 
15~^^  atmosphere  at  1000°  C.  The  criterion  as  to  whether  a  metal  will 
or  will  not  be  oxidized  by  any  mixture  of  carbon  monoxide  and  carbon 
dioxide  is  that  the  equihbrium  pressure  of  oxygen — metal — oxide  be 
less  or  greater  respectively  than  the  dissociation  oxygen  pressure  of  the 
reaction  2CO2  — >  2C0  j  O2  at  that  temperature. 

N.  B.  Pilling. — It  is  difficult  to  find  a  suitable  term  for  this  critical 
oxygen  pressure.  If  an  oxidized  piece  of  copper  is  held  in  a  space  of 
constant  volume  in  temperature  with  a  Hmited  amount  of  oxj^gen  gas,  and 
the  oxidation,  measured  by  the  change  in  pressure,  is  taken  up  by  the 
copper,  oxidized  pressure  falls  off,  according  to  the  paraboUc  relation, 
down  to  a  certain  oxygen  pressure,  which  is  usually  about  0.9  mm.  The 
value  of  the  oxygen  pressure  is  not  much  affected  by  the  temperature, 
although  it  is  different  for  the  different  metals. 

In  metals  oxidized  at  a  given  temperature  in  oxygen  at  different 
absolute  pressures,  going  down  from  atmospheric  pressures,  the  rate  of 
oxidation  is  sadly  influenced  by  the  change  in  pressure.  We  get  down  to 
the  same  critical  pressure  and  from  there  on  it  drops  off  very  rapidly. 
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Crystal  Structure  of  Solid  Solutions 

By  Edgar  C,  Bain,*  M.  Sc,  Cleveland,  Ohio 

(New  York  Meeting,  February,  1922) 

Of  the  important  phenomenon  of  the  hardening  of  steel,  Professor 
Sauveur^  says: 

It  would  seem  as  if  the  methods  used  to  date  for  the  elucidation  of  this  complex 
problem  have  yielded  all  they  are  capable  of  yielding  and  that  further  straining  of 
these  methods  will  only  serve  to  confuse  the  issue,  the  point  having  been  reached 
when  this  juggling,  no  matter  how  skilfully  done,  with  allotropy,  solid  solutions,  and 
strains  is  causing  weariness  without  advancing  the  solution  of  the  problem.  The 
tendency  of  late  has  been  to  abandon  the  safer  road  of  experimental  facts  and  to 
enter  the  maze  of  excessive  speculations,  in  which  there  is  great  danger  of  some 
becoming  hopelessly  lost.  The  conclusion  seems  warranted  that  new  avenues  of 
approach  must  be  found  if  we  are  to  obtain  a  correct  answer  to  this  apparent  enigma. 

With  some  degree  of  fitness  we  may  say  this  of  other  problems.  It 
seems  likely  that  one  of  the  new  avenues  of  approach  to  many  metallo- 
graphic  problems  is  the  study  of  crystal  structure,  or  more  accurately,  the 
atomic  arrangement,  by  means  of  the  a;-ray  spectrometer. 

The  crystal  structure  of  some  materials  has  been  carefully  worked  out 
by  the  mineralogist,  but  his  methods  are,  in  general,  unsuited  to  commer- 
cial metals  and  a  method  that  yields  even  better  information  is  at  hand  as 
the  result  of  work  on  the  diffraction  of  a;-rays  by  Laue  and  the  Braggs^ 
and  later  by  Hull,^  St.  John,  and  others.  It  should  be  understood  that 
the  contour  of  free  crystals,  which  is  the  subject  of  measurements  by  the 
crystallographer,  is  the  result  of  the  atomic  structure  and,  in  general, 
bears  a  simple  and  obvious  relation  to  it.  The  use  of  the  x-ray  spectro- 
meter* has  been  described  frequently,  so  the  procedure  will  not  be 
given  here. 


*  Metallurgical  Engineer,  Cleveland  Wire  Division,  National  Lamp  Works  of 
General  Electric  Co. 

1  "Metallography    and  Heat  Treatment  of  Iron  and  Steel,"  314.    Chap.  XVIII. 
^Proc.  Roy.  Soc.  London  (1913  and  1914);  Met.  &  Chem.  Eng.  (July  1,  1916) 
15,  35. 

3  Phys.  Rev.  (December,  1917)  10. 

*  Jeffries  and  Archer:  Atoms  and  Metals.  Chem.  &  Met.  Eng.  (March  23,  1921) 
24,  507;  Crystalline  Structure  of  Metals.  Chem.  &  Met.  Eng.  (May  4,  1921)  24,  771; 
E.  C.  Bain:  Studies  of  Crystal  Structure  with  x-rure.  Chem.  &  Met.  Eng.  (Oct.  5, 
1921)  25,  657. 

VOL.    LXVIII. — 40 
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All  metals  are  normally  crystalliiie.  Crystalliiiity  requires  regularity 
in  atomic  spacing;  hence,  parallel  planes  of  regular  spacing  can  be  passed 
in  many  ways  through  a  crystal  grain  containing  all  the  atom  centers. 
The  distance  between  such  planes  are  the  data  recorded  photographically 
by  the  rc-ray  spectrometer.     These   planes  act  as  a  three-dimensional 


Fig.  1. — A  spectrographic  apparatus. 


grating  for  diffraction;  the  nature  of  the  assortment  of  such  interplanar 
distances  found  in  a  crystal  determines  its  type.  The  ultimate  measure 
of  these  plane  spacings  is  merely  the  distance  along  a  strip  of  photographic 
film  where  darkened  lines  appear  exactly  as  they  appear  on  a  photograph 
of  the  spectrum  of  visible  light,  for  instance.  Of  course,  instead  of  having 
a  constant  grating  and  analyzing  the  wave  length,  we  have  a  constant 
wave  length  and  measure  the  grating.     When  we  derive  the  angle  of 
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diffractiou  from  these  dark  lines  and  deduce  the  atomic  plane  spacing 
by  the  classical  formula  ny  =  2d  sin  6  (in  which  n  is  the  order,  y  the  wave 
length,  d  the  atomic  spacing,  and  d  the  angle  of  diffraction)  we  have  only 
to  construct  in  space  a  lattice  that  has  spacings  to  conform  to  those  re- 
corded. A  photograph  of  a  complete  spectrographic  equipment  is  shown 
in  Fig.  1. 

The  logical  first  step  in  applying  such  study  to  metals  is  the  deter- 
mination of  the  atomic  arrangement  or  crystal  structure  for  all  the  useful 
pure  metals.  This  work  has  abeady  been  done  largely  by  HulP  and 
Davey.  In  his  investigations,  the  author  has  added  one  or  two  elements 
to  the  list  and  has  had  occasion  to  work  out  independently  many  of  the 
metals  announced  by  Hull.  In  every  case,  the  greater  the  refinement  of 
experimentation  the  closer  was  the  agreement  with  Hull's  figures. 

Table  1^  shows  the  metals  as  they  fall  in  the  various  types  of  crystaUin- 
ity,  together  with  their  atomic  spacings  and  ratios.  It  is  fortunate  that 
the  metals  crystallize  in  so  few  simple  types  of  great  symmetry;  the 
workability  of  the  majority  of  metals  probably  follows  as  a  result  of  this 
circumstance.  To  date,  metals  have  been  found  only  in  the  face-cen- 
tered cubic,  body-centered  cubic,  face-centered  tetragonal,  body-centered 
tetragonal,  close-packed  hexagonal,  and  diamond  arrangement  in  both 
isometric  and  rhombohedral  types.  Some  metals  have  been  found  to 
exist  in  two  lattices,  corresponding  to  allotropic  modifications  with 
stability  in  different  temperature  ranges;  for  example,  iron  and  cobalt. 

As  has  been  stated,  both  the  type  and  the  dimensions  of  the  space 
lattice  for  the  atoms  in  metals  are  computed  from  the  pattern  of  lines  on 
the  spectrogram.  Hence,  this  photographic  pattern  is  essentially  charac- 
teristic for  each  metal.  A  number  of  such  photographic  films  are  here 
shown.  So  far  as  is  known,  the  pattern  for  any  metal  differs  at  least 
in  dimensions  from  the  pattern  of  any  other  material.  Conceivably,  two 
metals  might  be  identical  in  lattice  size  but  the  author  has  not  found  any 
cases  of  apparent  identity  that,  with  greater  accuracy  of  measurement, 
did  not  show  some  difference.  Thus,  the  cube  edge  of  tungsten  differs 
from  the  cube  edge  of  molybdenum  by  only  about  0.25  per  cent.  So  the 
spectrogram  takes  on  the  significance  of  a  highly  characteristic,  even 
though  insensitive,  qualitative  analytical  method.  The  expressions 
copper  lattice  or  zinc  lattice,  for  example,  refer  to  perfectly  definite 
spacings — atom  center  to  atom  center — so  that  we  may  with  no  sense  of 
vagueness  refer  to  a  copper  lattice  as  an  entity  even  though  some  points 
in  the  lattice  are  occupied  by  other  elements.     Equipped  with  a  qualita- 


« Trans.  A.  I.  E.  E.  (1919)  38,  Pt.  2, 144.5-1466.    Phys.  Rev.  (May,  1921)  17,  549. 
*  The  data  set  forth  here  are  gleaned  from  the  references  cited  in  footnote  5  and 
from  private  communications  from  Doctor  Davej". 
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1.  Face-centeeed  Cubic 


A 

Cm.  X  10-8 

Copper 3.60 

Silver 4.06 

Gold 4.08 

Calcium 5 .  56 

Aluminum 4.05 

Lead 4.92 


A 

Cm.  X  10 -s 

Cobalt 3.544 

Nickel 3.540 

Rhodium 3.820 

Palladium 3.950 

Iridium 3 .  805 

Platinum 3.930 


2.  Body-centered  Cubic 

A  A 

Cm.  X  10-3  Cm.X    10-3 

Lithium 3.50  Chromium 2.899 

Sodium 4.30  Tungsten 3.150 

Titanium 3. 144  Molybdenum 3. 143 

Tantalum 3 .  272  Iron 2 .  86 


3.  Face-centered  Tetragonal 
A 

Cm.  X  10-8 
Indium 4.58 


C 

A 
1.06 


<1 


♦ 


4.  Body-centered  Tetragonal 
A 

Cm.  X  10-8 

Tin 4.00 

(First  approximation   by   the    author) 


C 
A 
0.94 


5.  Hexagonal  Close-packed 

A 

C 

Cm.  X  10-s  A 

Magnesium 3 .  22  1 .  624 

Zinc 2.670  1.86 

Cadmium 2.980  1.89 

Cobalt 2.514  1.63 

Ruthenium 2.686  1.69 


Table  1. Crystal  Structure  of  Some  Metals  and  Their  Atomic  Spacing. 
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tive  method  for  recognizing  the  characteristic  atomic  arrangement  of 
atoms  in  the  various  metals,  a  method  that  is  able  to  penetrate  many 
thousands  of  atoms  deep  into  a  specimen  and  destroy  none  of  the  speci- 
men, we  might  hope  to  glean  knowledge  of  some  heretofore  undiscov- 
ered facts. 

Physically,  the  simple  eutectic  in  metals  is  regarded  as  a  mixture  of 
the  two  more  or  less  pure  elements.  As  might  be  expected,  from  eutectic 
specimens  the  film  obtained  shows  simultaneously  two  patterns,  the  one 
of  metal  A  the  other  of  metal  B.  The  relative  intensities  of  the  two 
superimposed  spectra  are  dependent  (among  other  things)  on  the  composi- 
tion of  the  particular  eutectic  in  question.  The  pattern  grows  more 
intense  for  A  or  for  B  as  the  eutectic  is  mixed  with  proeutectic  A  or  5 
by  a  change  in  composition.  There  is,  then,  no  inherent  difference 
between  a  eutectic  and  a  mechanical  mixture  of  the  powders  of  two 
metals,  except  that  in  the  eutectic  the  grain  size  of  one  constituent  is 
larger  than  the  grain  size  of  the  other,  the  continuous  phase  having  the 
larger  grain. 

In  eutectics  studied  by  the  author,  there  were  cases  of  limited  solu- 
bility in  the  solid.  But  the  two  patterns  revealed  on  the  film  were 
substantially  identical  with  the  two  pure-metal  patterns.  Thus,  the 
tin-lead  eutectic  showed  both  the  pattern  of  lead  and  the  pattern  of  tin, 
while  in  fact  there  were  no  crystal-grains  of  pure  lead  present  but  a  solid 
solution  of  a  small  amount  of  tin  in  lead.  Silicon-aluminum  eutectic 
showed  exactly  the  same  evidence,  though  aluminum  dissolves  over  1 
per  cent,  of  silicon.  This  led  to  the  prediction  that  a  solid  solution  has 
a  crystal  structure  nearly  identical  with  the  structure  of  the  solvent. 

Copper-zinc  Series 

The  question  immediately  was  raised,  "What  happens  to  the  atomic 
arrangement  in  a  crystal  grain  of  copper  when  zinc  dissolves  in  it  in  the 
solid?"  Here  the  a:-ray  spectrometer  gives  the  answer  at  once.  In  Fig. 
2  are  shown  the  first  few  Hnes  of  the  pure  copper  pattern  and  alongside, 


Alpha  Brass 
Copper 


Fig.  2. — Spectrograms  op  copper  and  alpha  brass,  showing  similarity. 

for  comparison,  the  same  pattern  range  for  alpha  brass  of  over  30  per  cent, 
zinc  content.  They  are  identical  so  far  as  our  measurement  shows— 
face-centered  cubic  with  cube  edge  3.60  X  10"*  cm.  Here  30  per  cent, 
of  zinc  has  been  dissolved  in  solid  copper  without  changing  the  copper 
atomic  arrangement  or  spacings  to  an  extent  that  could  be  observed  on 
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the  pattern.  Zinc  atoms  replace  copper  atoms  in  the  space  lattice 
without  materially  altering  the  copper  lattice.  If  we  start  with  a  unit 
volume  of  copper  and  add  to  it  zinc  in  solid  solution,  maintaining  the 
whole  homogeneous^  we  shall  find  that  the  increase  in  volume  is  equal  to 
the  atomic  volume  of  copper  multiplied  by  the  number  of  zinc  atoms 
added.  When  metal  n  dissolves  in  metal  m,  the  density  of  the  solid 
solution  will  be  represented  by 

per  cent.Jlf^      per  cent.  N 

,^   .  ,  at.  wt.  M  at.wt.M 

Dn  mm  =  dm  X 


per  cent.  M    i    per  cent.  N 
at,  wt.  M  at.  wt.  N 

In  this  D  is  the  density  of  the  mixture  and  d  the  density  of  the  solvent 
metal.  By  this  assumption  we  have  fixed  the  density  of  solid  solutions 
having  the  same  lattice  dimensions  as  the  solvent  metal.  It  is  unfortu- 
nate that  the  author  has  not  found  data  on  density  of  solid  solutions  of 
sufficient  accuracy  or  in  sufficient  abundance  to  prove  this  hypothesis 
completely.  The  approximate  identity  of  alpha  solid  solution  with  cop- 
per has  been  shown  for  zinc,  aluminum,  and  tin  additions.  Another 
example  of  limited  solution  in  the  solid  is  carbon  dissolving  in  gamma  iron 
to  form  austenite,  whose  lattice  is  that  of  gamma  iron.  From  these 
tests  and  from  those  described  subsequently  under  the  isomorphous 
series,  we  are  able  to  give  a  real  distinction  to  the  words  solvent  and 
solute.  It  seems  logical  to  call  that  metal,  of  a  pair  in  solid  solution, 
whose  lattice  persists,  the  solvent.  In  the  case  of  liquid  solutions,  such 
as  alcohol  and  water  for  instance,  there  is  little  reason  for  giving  either 
water  or  alcohol  the  distinction  of  being  the  solvent  for  their  molecules 
are  supposed  to  be  constantly  in  erratic  motion  and  never  in  a  regular  and 
orderly  arrangement.  What  is  usually  done  is  to  speak  of  the  material 
in  predominance  as  the  solvent;  it  is  thus  that  Gulliver^  uses  the  term  in 
connection  with  solid  solutions. 

Just  as  there  is  a  limit  of  solubilitj^  of  a  solute  in  a  liquid,  further 
additions  of  which  refuse  to  become  homogeneous  with  the  saturated 
solution,  in  the  case  of  solid  solutions  there  is  a  limit  to  the  amount  of 
widely  different  foreign  atoms  that  can  remain  in  a  parent  lattice.  The 
copper  lattice  can  permit  only  about  35  per  cent,  of  its  points  to  be  occu- 
pied by  zinc  atoms,  or  6.8  per  cent,  of  its  points  by  tin.  Further  addi- 
tions of  solvent  gather  together,  along  with  the  largest  number  of  solvent 
atoms  possible,  and  establish  a  new  lattice  which  is  compatible  with  the 
leaner  solvent  composition;  thus,  in  the  copper-zinc  and  copper-tin  series, 
a  body-centered  cubic  lattice  is  formed  for  the  still  more  diluted  copper. 
It  is  impossible  to  say  whether  or  not  this  is  strictly  the  beta  range  of  the 
constitution  diagram  for  there  is  disagreement  in  the  regions  for  those 

^  G.  H.  GuUiver:  "MetalUc  Alloys,"  14  and  15.    Lippincott,  1913. 
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lattices  that  exist  at  room  temperature.  For  still  higher  concentrations 
of  zinc  (around  75  per  cent.)  another  stable  lattice  is  rhombohedral.  For 
pure  zinc  and  its  solution  of  copper  for  the  very  narrow  range,  the  hex- 
agonal zinc  lattice  is  the  only  one  observed,  making  four  structures  in  all 
for  the  series. 

It  may  be  interesting  to  speculate  on  the  possibility  of  a  compound  of 
copper-zinc  being  the  parent  lattice  for  the  body-centered  range  of  the 
series;  it  fits  nicely  into  our  conception  of  space  lattices.  The  body- 
centered  lattice  is,  in  reality,  two  interpenetrating  simple  cubic  lattices 
with  the  same  cube  edge  as  the  body-centered  type.  If  we  picture  each 
simple  cubic  structure  as  being  entirely  of  one  metal,  we  have  a  very 
symmetrical  form  for  a  1:1  compound.  Knowing  the  ease  with  which 
copper  is  replaced  by  zinc,  we  can  easily  believe  that  this  compound 
lattice  could  exist  with  some  preponderance  of  zinc  over  the  equal 
atomic  ratio;  this  is  in  accord  with  the  observed  fact.  We  then  have  a 
case  of  solution  of  an  element  in  a  compound.  The  x-ray  spectrographic 
evidence  which  the  author  has  secured  is  a  corroboration  of  the  results 
of  Andrews,^  who  deals  with  the  crystallinity  of  the  entire  copper-zinc 
series.  It  appears  that  the  structures  of  the  copper-zinc  series  is  paral- 
leled by  the  copper-tin  alloys,  although  the  spectroscopy  is  much  more 
diflScult,  caused  probably  by  the  great  disparity  in  atomic  weights. 

Solid-solution  Types 

The  question  arises  as  to  what  dispensation  we  shall  make  of  the 
so-called  continuous  solid-solution  types  exemplified  by  copper-manga- 
nese, copper-nickel,  nickel-iron,  nickel-chromium,  nickel-cobalt,  iron- 
manganese,  copper-gold,  silver-gold,  tungsten-molybdenum,  and  other 
pairs.  With  the  definition  given,  relating  to  the  retention  of  the  solvent 
lattice,  how  can  there  be  isomorphism  in  an  entire  range  that  has  two 
types  of  crystallinity  depending  on  the  two  different  solvents — two 
parent  lattices?  Obviously,  in  such  a  case  a  solid  solution  of  A  in  B 
could  not  be  identical  with  a  solution  of  5  in  A,  even  of  the  same  composi- 
tion. The  x-rays  reveal  the  surprising  fact  that  often  they  are  not 
strictly  isomorphous.  It  appears  that  the  condition  for  a  so-called 
isomorphous  series  is  merely  that  metal  A  can  dissolve  in  its  lattice  an 
amount  of  B  that  overlaps  the  composition  of  B  in  the  solution  of  A  and 
B  lattice.     Over  a  certain  range  both  structm'es  exist  simultaneously. 

These  conclusions  are  based  on  the  examination  of  the  three  series, 
iron-nickel,  nickel-chromium,  and  copper-manganese.  The  two  last- 
mentioned  series  were  studied  throughout  their  entire  range  from  alloys 
chosen  at  10  per  cent,  composition  intervals.  The  first  was  studied  only 
for  a  limited  range;  it  had  been  the  subject  of  investigation  of  very 

8  X-ray  Analysis  of  Three  Series  of  Alloys.    Phys.  Rev.  (1921)  18,  245. 
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accurate  work  by  Andrews^  and  accordingly  only  a  few  tests  were  made. 

The  chromium-nickel  series  was  chosen  for  the  example  of  continuous 

solution  without  minimum  in  melting  points.     All  proportions  melt 
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Fig.  3. — Constitution-pattern  diagram;  space  between  each  10  per  cent, 
change  in  composition  represents  pattern  for  that  range;  horizontal  bands 
are  spectral  lines  of  constituents  exactly  as  photographed, 


between  the  fusion  temperatures  of  the  pure  metals.  The  lattice  of 
chromium  is  of  a  different  type  from  nickel,  as  may  be  seen  from  the 
table.     Their  patterns  are  so  different  as  to  enable  one  to  follow  the 
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changes  in  structure  very  easily;  Fig,  3  shows  the  patterns  as  they 
appeared  on  the  successive  films.  The  width  of  the  bands  are  indicative 
of  the  intensity  of  the  two  patterns;  the  probable  volume  of  the  two 
lattices  is  also  charted  in  the  same  figure.  These  relative  volumes  of  the 
two  structures  are,  of  course,  only  approximate.  This  figure  introduces 
what  we  shall  call  the  constitution-pattern  diagram.  Fig.  4  shows 
photographs  of  the  nickel  and  chromium  spectra  along  with  their 
Ni  20-Cr  80  alloy. 


Nickel 

Nickel-chromium 

Chromium 

Fig.  4. — Spectrograms  of  nickel  and  chromium  and  the  Ni  20-Cr  80  allot. 

For  the  type  of  continuous  solid-solution  series  presenting  a  minimum 
in  fusion  temperature,  copper-manganese  is  the  example  used.  A  vast 
difference  in  crystalline  habit  exists  here  and,  as  in  the  case  of  nickel- 
chromium,  it  is  easy  to  follow  the  change  in  lattice  by  observing  the 
pattern.  Fig.  5  shows  that  the  range  of  overlapping  patterns  is  from  60- 
40  per  cent,  to  90-10  per  cent.  Mn-Cu.  One  would  expect  this  range  to 
include  the  minimum  in  freezing  temperatvire,  but  such  is  not  the  case. 
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Fig.  5. — Constitution-lattice  volume  diagram  for  copper-manganese  series. 


The  iron-nickel  alloys  present  a  continuous  series  of  solid  solutions 
with  a  minimum  melting  point  near  the  pure  nickel  range.  This  series 
has  the  distinction  of  being  allotropic.  The  normal  room-temperature 
condition  for  nickel  is  face-centered  cubic  and  for  iron  (alpha  iron  or 
ferrite)  body-centered  cubic  like  chromium.  The  alternate  form  for 
iron  (gamma  iron)  is  face-centered  cubic  of  almost  identical  dimensions 
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with  nickel.  The  patterns  show  that  nickel  dissolves  iu  ordinary  alpha 
iron  to  the  extent  of  25  to  30  per  cent.  Beyond  this  point  we 
have  the  lattice  of  nickel  alone.  Gamma  iron  and  nickel  are  as  alike  as 
copper  and  nickel  and  no  doubt  form  the  same  kind  of  a  series,  as  ex- 
plained later. 

We  may  assume  that  the  iron,  having  a  stable  range  in  a  lattice  so 
like  nickel,  would  be  very  soluble,  having  only  to  exhibit  the  ten- 
dencies of  its  allotrope  to  be  completely  soluble.  In  amounts  of  nickel 
around  25  per  cent.,  the  carefully  annealed  metal  shows  only  the  body- 
centered  lattice  of  alpha  iron.  However,  if  the  metal  is  heated  to  a  tem- 
peratm-e  above  that  of  the  transition  to  gamma  iron  and  then  quenched, 
the  whole  is  rendered  face-centered  cubic.  In  other  words,  the  range  of 
overlapping  patterns  is  shifted  toward  the  iron  end  of  the  series  by  the 
quenching.  Of  course,  if  much  carbon  is  present  the  metal  is  much  more 
inclined  to  remain  austenitic  or  face-centered.  The  alloys  that  are 
purely  of  the  nickel  lattice  are  only  slightly  magnetic,  while  those  of  the 
overlapping  range  vary  up  to  almost  that  of  iron.  Apparently  the  body- 
centered  crystal  is  necessary  to  magnetism  in  iron. 

The  effect  of  thermal  treatment  was  also  evident  in  the  case  of  the 
nickel-chromium  series.  In  the  well-annealed  specimens,  the  chromium 
lattice  was  evident  as  far  as  40  per  cent,  nickel-60  per  cent,  chromium; 
while  in  the  same  specimens  quenched  from  1000°  C,  it  was  just  visible 
only  at  30  per  cent,  nickel-70  per  cent,  chromium.  This  was  unex- 
pected, inasmuch  as  chromium  has  the  higher  melting  point  and  would 
have  relatively  a  more  rigid  lattice  at  the  higher  temperature. 

As  to  the  state  of  aggregation  of  the  two  forms  of  crystalUnity  existing 
simultaneously  in  some  ranges  of  the  continuous  solution  series  there  is 
little  information,  but  there  is  some  reason  to  believe  that  within  the  same 
grain  both  forms  may  be  found.  In  the  nickel-chromium  series,  rather 
large  grains  were  developed  by  prolonged  heating  near  the  melting  point. 
These  films  revealed,  in  the  main,  the  characteristic  dashed  pattern  of 
coarse  grains.  But  in  the  overlapping  pattern  range,  the  stronger  pattern 
alone  was  of  the  coarse-grained  type;  that  is  to  s&y,  above  80  per  cent, 
chromium  the  nickel  was  fine  grained  and  below  this  chromium  content 
the  nickel  was  coarse  grained.  It  would  seem,  therefore,  that  a  sort  of 
martensitic  structure  was  evolved.  Within  the  grains  of  the  dominant 
pattern  small,  perhaps  submicroscopic,  crystal  units  of  the  other  lattice 
were  present.  In  order  to  escape  microscopic  detection  at  high  magnifica- 
tion after  etching,  the  weaker  lattice  must  be  in  extremely  small  units  and 
likely  aided  in  remaining  undifferentiated  by  a  chemical  constitution 
identical  with  the  dominant  lattice,  so  that  etching  would  proceed  more 
evenly.  The  author  hopes  to  grow  excessively  large  grains  of  the  alloys 
in  the  double-structure  range  and  then  study  the  pattern  obtained  from 
a  very  small  number  of  such  grains.     In  connection  with  another  prob- 
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lem/''  specimens  ranging  from  one  to  twelve  grains  only  were  examined. 
The  effect  would  be  much  more  aggravated  by  this  condition. 

As  we  have  seen,  many  of  the  continuous  solid-solution  series  are  really 
aggregates  of  two  kinds  of  crystalhnity.  But  this  is  not  necessarily  the 
case.  We  know  that  thermal  expansion  and  mechanical  stress  can  alter 
the  size  of  an  atomic  space  lattice  without  destroying  it  or  altering  its 
type.  The  limits  of  this  sort  of  purely  elastic,  temporary  distortions  are 
very  small,  perhaps  not  over  1  per  cent,  in  most  eases,  roughly  in  the  order 
of  magnitude  of  the  accuracy  of  our  measurements  with  the  spectrometer. 
It  seemed  possible  to  the  author  that  if  we  could  find  a  solution  of  two 
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Fig.  6. — Spectrogeams  of  copper  and  nickel. 


metals  of  very  similar  atomic  volume  and  identical  in  type,  we  might  dis- 
cover a  complete  series  whose  atomic  arrangement  remained  homogene- 
ous but  whose  distances  gradually  increased  from  the  dimensions  of 
lattice  A  to  the  dimensions  of  lattice  B.  Actually,  as  later  discovered, 
the  lattice  size  may  differ  considerably  and  still  give  this  condition. 

Copper  and  nickel  proved  to  be  one  example;  the  patterns.  Fig.  6, 
differ  by  about  %2  i^i-  (2.38  mm.)  in  the  large  angle  lines.  This  is  a 
deviation  quite  sufficient  for  identification;  indeed  with  the  patterns 
superimposed,  the  lines  beyond  the  first  three  appear  separate  and  dis- 
tinct, as  shown  in  Fig.  7,  which  was  made  from  mixed  powders.     Bearing 

Nickel  and  Copper 
Powders 

Same  after  Sintering 

Fig.  7.^Spectrographic  effect  op  alloying  on  mixed  powders  of  copper 
AND   nickel.     Upper  spectrogram   is   unalloyed;   the   lower,   same   pressed 

MIXTURE  AFTER  PROLONGED  HEATING  TO  PRODUCE  SOLID  SOLUTION. 

these  facts  in  mind,  the  patterns  of  the  nickel-copper  series  present  a 
unique  appearance.  In  no  case  was  there  the  slightest  appearance  of 
both  patterns  superimposed.  The  lattice  for  the  solutions  remains 
perfectly  face-centered  cubic  in  character  throughout  the  entire  range, 
the  size  only  changing  gradually  from  the  dimensions  of  one  to  the 
dimensions  of  the  other.  It  may  be  seen  in  Fig.  7  that  causing  solution 
in  the  solid  to  take  place,  by  heating  mixed  powders,  has  changed  a 
typical  superimposed  pattern  of  nickel  and  copper  into  a  pattern  of  a 

"  Jeffries  and  Bain:  Mixed  Orientation  Developed  in  Crystals  of  Ductile  Metals 
by  Plastic  Deformation.     Chem.  &  Met.  Eng.  (Oct.  26,  1921)  26. 
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single  face-centered  lattice  of  intermediate  size.  The  film  is  lacking  in 
contrast;  the  lines  are  difficult  to  see,  but  it  offers  ample  proof  of  the 
reality  of  oui-  true  homogeneous  lattice.  Fig.  8  is  the  constitution- 
pattern  diagram  for  the  copper-nickel  series.  The  alteration  in  lattice 
size,  as  measured  from  pattern  change  step  by  step,  is  almost  too  slight 
to  be  seen — yet  the  change  is  not  quite  linear.  It  is  probably  linear  on  an 
atomic  per  cent,  scale. 
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Fig.  8. — Constitution-pattern  diagram  for  copper-nickel  series. 

Why  the  stretching  or  shrinking  of  the  parent  lattice  in  the  continuous 
solutions  of  the  widely  differing  crystal  types  studied  to  date  should  have 
been  less  than  our  inherent  inaccuracies  (except  perhaps  in  the  manganese- 
copper  series)  is  not  known.  It  is  very  likely  that  tungsten  and  molyb- 
denum have  the  single  lattice  structure  throughout  their  entire  range,  as 
they  are  more  nearly  identical  in  structure  than  even  nickel  and  copper. 

If  we  consider  the  stresses  set  up  within  the  single  crystal  grain  by 
distortions  exceeding  that  of  ordinary  elastic  deformation,  the  extraor- 
dinary hardness  of  some  of  the  solid  solutions  of  soft  metals  entirely 
lacking  a  separate  system  of  keying  substances  becomes  easier  to  under- 
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stand.     The  slipping  of  adjacent  layers  of  atoms  must  certainly  be 
opposed  by  such  forces. 

Another  series  studied  was  that  of  gold  and  copper.  Both  gold  and 
copper  are  face-centered  cubic  but  they  are  quite  different  in  dimensions. 
The  cube  edge  of  copper  is  3.60  X  10-^  cm.  and  the  same  dimension  in 
gold  is  4.08  X  10"*  cm.;  i.e.,  larger  by  13.3  per  cent.  Even  half  this 
figure  is  far  in  excess  of  any  elastic  deformation  recorded.  It  seemed 
unlikely  that  this  series  would  be  like  the  copper-nickel  series  but  it 
showed  precisely  the  same  behavior.  The  addition  of  25  per  cent,  of 
gold  expanded  the  copper  lattice  only  slightly,  while  the  addition  of  25 
per  cent,  of  copper  contracted  the  gold  lattice  only  a  little.  Compositions 
between  these  amounts  changed  rapidly  in  lattice  size  with  composition, 
always  retaining  the  perfect  face-centered  cubic  type.  Fig.  9  shows,  side 
by  side,  the  spectrograms  of  pure  copper  and  pure  gold.  Fig.  10  is  the 
constitution-pattern  diagram  for  the  series. 


Gold 

Copper 


Fig.  9. — Spectrograms  op  copper  and  gold. 


A  rather  surprising  deduction  was  made  from  some  particularly  well- 
annealed  specimens  of  the  copper-nickel  and  copper-gold  series.  It 
resulted  from  the  explanation  of  some  faint  lines  observed  on  the  films 
corresponding  to  the  75-25  atomic  per  cent.  allo3^s.  These  lines  were 
entirely  without  the  possibilities  of  a  face-centered  lattice.  They  proved 
to  correspond  to  spacings  just  double  some  of  the  normal  spacings  of  this 
lattice.  The  explanation  is  fairly  simple.  If  a  number  of  solute  atoms 
were  to  distribute  themselves  with  the  utmost  homogenity  possible,  they 
would  arrange  themselves  regularly  throughout  the  crystal  grain  in  a 
manner  presenting  the  greatest  possible  symmetry.  The  simplest  way  to 
arrange  a  ratio  of  3:1  (75  per  cent.  A  and  25  per  cent.  B)  of  unlike  atoms 
is  to  choose  alternate  planes  of  atoms  and  in  these  alternate  planes  replace 
half  of  the  atoms  of  B  with  A  atoms.  If  we  choose  the  planes  of  greatest 
symmetry  in  the  structure  for  this  alternate  layer  replacement  we  shall 
have  a  discontinuity  of  mass  every  other  111  plane  (Miller  indices). 
This  produces  a  periodicity  twice  that  of  some  of  the  normal  distances. 
Bearing  in  mind  that  it  is  mass-periodicity  that  gives  us  the  pattern  we 
should  expect  these  new  lines.  As  the  atomic  weights  of  copper  and 
nickel  are  in  so  close  agreement,  this  discontinuity  is  extraordinarily 
slight  and  the  surprising  feature  is  that  the  lines  are  sufficiently  contrasted 
to  be  visible.  They  were  quite  strong  in  one  gold-copper  pattern.  This 
is  not  entirely  a  new  phenomenon,  for  the  extreme  case  of  this  sort  of 
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action  is  observed  in  the  pattern  of  silver  chloride,  in  which  the  chlorine 
atoms  are  so  entirely  different  in  diffracting  power  from  silver  that  only 
the  silver  spacings  are  revealed  and  the  fundamental  structure  is  inferred 
from  the  spacing  of  half  the  atoms.  But  so  far  as  the  author  knows,  it 
is  the  first  occasion  in  which  the  actual  atomic  location  of  the  separate 
metals  has  been  shown  in  solid  solutions.  In  this  connection  a  reference 
should  be  made  to  the  hypothetical  structure  of  cementite  composition 
in  the  austenitic  condition  by  McAdam.^^  If  such  material  could  be 
isolated  it  could  be  absolutely  identified  with  .r-rays. 


Percent    by     Weight 

Gold  Lattice  Copper   Lattice 

Fig.  10. — Constitution-pattern  diagram  for  copper-gold  series. 


Summary 

1.  A  solid  solution  forms  by  replacement  of  solvent  atoms  by  solute 
atoms.  If  the  pure  solute  is  of  a  different  crystal  type  from  the  solvent, 
the  parent  lattice  changes  very  little  in  dimensions.  In  such  cases,  a 
limit  of  solubility  is  reached  at  which  point  a  new  lattice  is  formed  which 
may  be  an  intermediate  or  the  lattice  of  the  solute. 


»*  D.  J.  MacAdam,  Jr. :  The  Constitution  of  Martensite  and  Troostite. 
Met.  Eng.  (Sept.  28,  1921)  26. 
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2.  Intermediate  lattices,  based  on  weak  compounds  probably,  are 
present  in  the  complex  series. 

3.  When  two  metals,  alike  in  crystallographic  type,  form  continuous 
solid  solutions  there  may  be  a  gradual  change  in  lattice  size  from  one  pure 
metal  to  the  other, 

4.  Other  supposed  continuous  isomorphous  series  are  actually  com- 
posed, for  some  range,  of  two  separate  crystalline  phases.  Both  forms 
are  likely  in  the  same  grain. 

5.  Thermal  treatment  may  shift  the  range  of  overlapping  lattices 
toward  one  or  the  other  pure  metals.  The  effect  is  most  noticeable  if  one 
of  the  pair  of  metals  is  allotropic. 

6.  For  some  constitutions  of  perfectly  annealed  solutions,  the  loca- 
tion of  the  solute  atoms  is  probably  known. 

7.  No  case  was  observed  where  solid  solution  occurs  by  new  atoms 
filling  in  the  interatomic  spaces  (if  such  spaces  exist),  and  it  is  not  pre- 
dicted that  such  cases  will  be  found. 
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DISCUSSION 

Ancel  St.  John,  Long  Island  City,  N.  Y. — Although  the  author  refers 
to  an  alloy  including  manganese,  he  does  not  give  the  crystal  form  or 
grating  space  of  manganese.  I  have  searched  the  literature  for  some  time 
but  have  not  found  that  particular  reference. 

The  statement,  in  conclusion  4,  that  both  forms  of  two  crystalline 
phases  are  likely  from  the  same  grain,  may  seem  open  to  challenge,  but 
Dr.  A.  W.  Hull,  of  the  General  Electric  Laboratory  at  Schenectady, 
has  found  two  distinct  crystalline  phases  existing  in  a  single  crystal 
of  carborundum. 

I  would  like  to  suggest  that  we  cease  talking  about  a:-ray  spectro- 
grams when  discussing  these  crystal  analysis  pictures,  because  that  is  just 
what  they  are  not.  A  spectrogram,  as  was  shown  by  Bassett  and  Davis,  ^^ 
is  a  diagram  in  which  a  grating,  prism,  or  some  other  means  of  analyzing 
the  light  into  its  various  wave  lengths  is  used  to  produce  a  photographic 
record  of  the  spectrum.     Here  we  are  using  a  single  wave  length,  as 

"  Spectrum  Analysis  in  an  Industrial  Laboratory.    See  page  662. 
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nearly  as  we  can  approximate  it,  and  are  reflecting  that  from  a  number  of 
gratings  existent  in  the  crystaUine  material.  What  we  get  is  a  "crystal- 
logram,"  and  as  this  is  a  new  departure  in  crystallographic  study,  I 
propose  that  we  refer  to  these  pictures  as  crystallograms. 

Edgar  C.  Bain. — I  am  in  hearty  accord  with  the  suggestion  that  we 
adopt  the  name  "  crystallogram  "  for  these  film  records.  It  seems  to  me 
to  be  a  much  better  word  than  spectrogram. 

I  have  not  constructed  the  space-lattice  for  manganese,  although  the 
dominant  hues  of  its  pattern  are  well  known.  We  can  identify  its 
structure  when  discovered  but  have  not  made  a  model  for  its  atomic 
arrangement.  For  reasons  not  entirely  clear  manganese  films  are 
difficult  to  work  with. 

As  for  the  evidence  of  the  second  crystal  form  within  the  grain  of  the 
first,  since  writing  this  paper,  I  have  secured  more  conclusive  proof  of 
its  existence.  The  x-ray  crystallograph  contains,  to  quite  an  extent, 
a  measure  of  the  grain  size,  and  we  frequently  find  in  parallel  cases  a 
remarkably  fine-grained  pattern  superimposed  upon  the  coarser  grained 
pattern  of  the  continuous  phase.  As  the  microscope  shows  no  regions  of 
fine  grains,  they  must  exist  within  the  large  ones.  This  finding  of  internal 
discontinuities,  offering  interference  to  shp,  is  in  excellent  agreement  with 
the  hardness  of  such  alloys. 

Paul  D.  Merica,  Bayonne,  N.  J.  (written  discussion). — The  dis- 
coveries of  Laue  and  the  Braggs  have  provided  metallography  with  a 
new  tool  which,  in  the  hands  of  Bain  and  others  in  this  country,  is 
yielding  results  that  besides  vastly  increasing  our  information  concerning 
metals  and  alloys  may  ultimately  alter  our  knowledge  concerning  them. 
By  that  I  mean  that  we  have  been  accustomed  to  regard  metals  in  terms 
of  chemical  composition,  microstructure,  and  mechanical  tests.  If  the 
x-ray  method  fulfills  its  promise,  we  may  shortly  begin  to  regard  them  in 
terms  of  atoms  and  atomic  forces.  I  hope  that  presently  more  in- 
vestigators may  be  in  a  position  to  adopt  this  method  of  study. 

If  the  author  will  turn  the  equation  on  page  630  upside  down  he  will 
have  derived  from  atomic  considerations  an  empirical  law  of  a  certain 
degree  of  validity;  namely,  that  the  specific  volume  of  sohd  solutions  (as 
well  as  mechanical  aggregates)  is  a  linear  function  of  composition  by 
weight.  This  law  is  generally  stated  in  textbooks  on  the  subject  and  some 
experimental  evidence  is  given  illustrating  it.  His  own  proof  of  it  is 
especially  good;  it  is  rare  that  we  can  give  proofs  of  such  precision.  It 
will  be  noted  that  his  work  shows  that  this  law  cannot  hold  in  the  case  of 
solid  solutions,  such  as  copper-nickel,  in  which  the  lattice  constant  changes 
continuously  with  composition.  In  describing  the  formation  of  new 
lattices,  it  is  evident  that,,  in  general,  a  compound  is  formed  with  a 
different  type  of  lattice  from  that  of  the   components  and   therefore 
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will    generally    have    a    density    not    calculable    from    its   percentage 
composition. 

The  author  states  that  the  nickel-chromium  series  was  chosen  as  an 
example  of  continuous  solid  solution  without  minimum  melting  point.  I 
am  forced  to  conclude  that  he  is  in  possession  of  some  unpubHshed 
information  on  this  scries  as  the  only  reference  with  which  I  am  familiar 
on  this  subject  is  that  of  Voss,  who  shows  a  minimum  melting  point  of 
1290°  C.  at  40  per  cent,  nickel.  This  composition  is  not  far  from  that  at 
which  simultaneous  overlapping  patterns  are  obtained.  Although  I 
have  not  examined  this  series  of  alloys  very  closely  I  have  observed 
indications  of  a  second  phase  in  some  nickel-chromium  alloys,  which  I 
have  alwaj^s  found  difficult  to  explain.  The  photographs  of  Voss  also 
showed  traces  of  this  same  second  phase. 

In  the  case  of  the  nickel-iron  equilibrium,  it  is  well  known  that  there 
is  a  region  of  limited  solubility  of  beta  nickel  in  alpha  iron  between, 
roughly,  10  and  30  per  cent,  by  weight  of  nickel.  The  natural  meteors 
nicel}^  illustrate  this  segregation.  It  is  most  interesting  that  this  range  also 
agrees  with  that  of  the  overlapping  patterns  of  alpha  iron  and  beta  nickel. 
It  is  generally  difficult  to  obtain  evidences  of  two  phases  in  these  alloys 
by  the  ordinary  metallographic  methods  but  it  has  been  done. 

It  w'ould  be  valuable  to  seek  in  the  sealloys  for  the  evidences  of  binary- 
phase  structure  and  to  correlate  it  with  the  interpretations  of  the  x-ray 
patterns.  Similarly  a  study  of  the  hardness  and  ductility,  as  well  as 
density  of  these  solutions,  in  connection  with  the  rc-ray  results,  should 
yield  most  valuable  information  and  can  hardly  fail  to  throw  light  upon 
the  much  discussed  subject  of  hardness  and  plastic  flow. 

Would  it  be  possible  with  the  present  a:-ray  method  to  detect  atom- 
piling  distortion  in  grains,  such  as  might  conceivably  be  produced  in  the 
immediate  vicinity  of  colloidal  particles  of  cementite  in  steel  or  of  CuAl2 
particles  in  duralumin? 

Our  speculations  on  the  subject  of  ductility  are  not  simplified  by  obser- 
vation of  the  following  series  of  facts:  Substitution  of  zinc  atoms  for 
copper  W'ith  unchanged  lattice  and  lattice  constant  gives  high  brass  w4th 
undiminished  (at  least)  ductility;  this  w^e  might  expect.  Substitution  of 
chromium  atoms  for  nickel,  up  to  50  per  cent.,  gives  nickel-chromium 
alloys  with  diminished  ductility;  but  the  lattice  is  also  unchanged. 
Substitution  of  copper  atoms  for  nickel  atoms,  up  to  50  per  cent.,  gives 
copper-nickel  alloys  with  substantially  undiminished  ductility;  the  lattice 
type  is  unchanged  but  the  constant  is  changed  and  in  a  sense  the  lattice 
distorted  or  strained. 

It  is  evident  that  this  new  method  will  have  much  the  same  history 
as  the  older  microscopic  one;  it  brought  the  solution  of  many  age-old 
and  vexatious  problems  with  ease,  but  it  also  brought  a  new  set  of 
problems  more  difficult  than  the  old  ones.  But  this  is  the  course  of 
progress. 

VOL.    LXVIII. 41 


642       BLUE    CONSTITUENT    IN    HIGH-STRENGTH    MANGANESE   BRONZE 


Occurrence  of  Blue  Constituent  in  High-strength 
Manganese  Bronze 

By  E.  H.  Dix,*  Jr.,  M.  E.,  M.  M.  E.,  Daytox,  Ohio 

(Rochester  Meeting,  June,  1922) 

During  an  investigation  of  high-strength  manganese  bronze  bj^  the 
Engineering  Division  of  the  Air  Service,  at  McCook  Field,  Dayton,  Ohio, 
particles  of  a  ''blue  constituent"  were  noted  in  the  microstructure  of  most 
of  the  bronzes  examined. 

The  constitution  of  the  simple  copper-zinc  base  alloy  is  still  a 
matter  of  dispute  in  spite  of  the  fact  that  the  copper-zinc  series  is  one 
of  the  oldest  industrially  important  groups  of  alloys,  and  has  received 
the  earh"  consideration  of  scientific  research.  The  diagram,  according  to 
the  most  recent  work,^  is  shown  in  Fig.  1.  The  disputed  questions 
involve  the  termination  of  the  beta  field  and  the  line  at  470°  C.  The 
earliest  experimenter,  Roberts-Austen,  detected  an  arrest  in  some  of  his 
cooling  curves  at  approximately  this  temperature  and  ascribed  them  to 
the  formation  of  a  eutectic;  it  has  since  been  proved  that  there  are  no 
eutectics  in  this  series.  Shepherd-  was  unable  to  detect  anj^  thermal 
arrests  at  this  temperature;  his  diagram  was  essentially  as  shown  in  Fig. 
1,  except  that  the  line  at  470°  C.  was  omitted  and  the  beta  phase  carried 
down  to  normal  temperatures.  Later,  Carpenter  and  Edwards,^  by  a 
very  painstaking  research,  definitely  established  the  authenticity  of  the 
line  but  attributed  it  to  the  breakdown  of  the  beta  constituent  into  a 
eutectoid  of  alpha  and  gamma.  Microscopic  evidence  of  the  formation 
of  the  eutectoid  is  doubtful  and  it  seems  more  likelj'  to  be  due  to  an  allo- 
tropic  change  in  the  beta  constituent  as  shown  by  Fig.  1.  At  least  for 
practical  purposes,  it  is  more  convenient  to  think  of  the  structure  of  a 
60-40  brass  as  a  mixture  of  alpha  and  beta  prime  crj'stals  rather  than 
alpha  plus  an  unresolvable  eutectoid  of  "apparent  beta"  as  it  has  often 
been  called. 


*  Chief,  Metals  Branch,  Engineering  Division,  Air  Service. 

1  O.  F.  Hudson:  Jnl.  Inst,  of  Metals  (1914)  12,  89. 

2E.  S.  Shepherd:  Jnl.  Phys.  Chem.  (1914)  8,  421. 

3  H.  C.  H.  Carpenter  and  C.  A.  Edwards:  J7il.  Inst,  of  Metals  (1911)  5,  127. 
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The  effect  of  the  addition  of  a  third  element  to  the  useful  alloys  of  the 
copper-zinc  series  has  been  studied  by  a  number  of  experimenters.  Hud- 
son and  Jones*  have  given  the  useful  diagram  for  the  tin  brasses  shown  in 
Fig.  2.  A  more  complete,  though  much  more  complicated,  ternary 
diagram  had  previously  been  established  by  Hoyt.^  In  describing  the 
structure  of  the  brasses  examined,  Hudson  and  Jones  say,  "The  beta 
prime  appears  bright  yellow,  the  alpha  is  reddish  yellow,  and  the  delta 
(or  gamma)  clear  light  blue."     Desch,  in  a  discussion  of  their  paper, 
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FiG.  1. — Equilibrium  DIAGRAM  OF  COPPER  AND  ZINC.     (After  Hudson.)] 


suggested  that  ''as  no  difference  had  been  found  between  the  gamma 
constituent  of  the  brasses  and  the  delta  of  the  bronzes,  it  seemed  probable 
that  these  two  substances  were  isomorphous,  this  being  the  view  taken 
in  Professor  Hoyt's  paper,  and  a  similar  isomorphism  having  been 
observed  between  the  gamma  constituent  of  the  zinc-copper  and  alumi- 
num-copper series,  respectively,  by  Carpenter  and  Edwards.  As  it  was  a 
familiar  fact  that  brasses  were  rendered  brittle  by  even  traces  of  the 
gamma  crystals,  whilst  bronzes  could  tolerate  fairly  large  proportions 
of  delta,  it  would  be  interesting  to  know  at  which  point  brittleness  made 
its  appearance  in  the  ternary  series.     Probably  delta  was  harmless  when 

<  O.  F.  Hudson  and  R.  M.  Jones:  Jnl.  Inst,  of  Metals  (1915)  14,  98. 

5  S.  L.  Hoyt:  Jul.  Inst,  of  Metals  (1913)  10,  235. 
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accompanying  alpha,  whilst  gamma  was  usually  harmful  when  accom- 
panying beta  prime;  yet  some  of  the  alpha-beta  prime  alloys  containing 
the  'blue  constituent,'  could  be  made  use  of." 

The  effects  of  some  other  elements,  such  as  aluminum,  iron,  and  man- 
ganese, have  not  been  so  thoroughly  worked  out.  We  are,  however, 
indebted  to  Leon  Guillet^  for  an  ingenious  scheme  for  converting  these 
ternary  alloys  to  equivalent  copper-zinc  binary  alloys.  He  has  found 
that  these  elements,  when  added  in  small  amounts,  go  into  solid  solution 
and  have  the  same  effect  on  the  microstructure  as  the  addition  of  more 
zinc.  Thus  he  has  conceived  of  a  fictitious  zinc  percentage  calculated 
from  the  "coefficient  of  equivalence"  for  each  element.  These  coeffi- 
cients are:  aluminum,  6;  tin,  2;  iron,  0.9;  manganese,  0.5.  The  total 
value  of  zinc  thus  obtained  is  recalculated  with  the  known  copper  content 
to  give  100  per  cent.  Thus  a  60-40  brass  in  which  2  per  cent,  of  the  zinc 
has  been  replaced  by  as  much  aluminum  will  have  a  fictitious  composition 
of  54.5  per  cent,  copper  and  45.5  per  cent,  zinc,  and  the  relative  amounts  of 
alpha  and  beta  constituents  in  the  annealed  brass  will  conform  closely  to 
what  would  be  expected  for  this  composition,  about  10  per  cent,  alpha. 
When  the  solubility  limit  was  exceeded,  a  special  constituent  appeared. 
Thus,  in  the  annealed  specimens,  the  special  constituent  appeared  with 
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Fig.  2. — Ternary  diagram  for  copper,  zinc,  and  tix.     {After  Hudson  and  Jones.) 

more  than  7.1  per  cent,  aluminum  in  a  brass  containing  69  per  cent,  cop- 
per; with  more  than  8  per  cent,  manganese  in  a  60-per  cent,  copper  alloy; 
and  with  more  than  0.7  per  cent,  tin  in  a  63-per  cent,  copper  alloy.  He 
denotes  the  third  phase  by  gamma,  which  he  suggests  may  be  constituted 
by  a  definite  compound,  a  solid  solution,  a  eutectic  or  a  double  or  triple 
eutectoid.  He  further  states,  in  discussing  the  tin  brasses  in  a  later 
paper,^  that  "the  tin  brasses  contain  a  special  constituent  which  bears 
a  strange  resemblance  to  the  delta  of  the  bronzes  (a  solution  closely  corre- 
sponding to  the  compound  Cu4Sn).     This  constituent  is  accompanied 

^Rev.  de  Metallurgie  (1905)  2,  97;  (1906)  3,  243;  (1920)  17,  561.  Abs.  Chem. 
Met.  Eng.  (Jan.  26,  1921)  24,  177;  (Apr.  6,  1921)  24,  609. 

7  Rev.  de  Metallurgie  (July,  1921)  18,  445;  Abs.  Chcjn.  A  Met.  Eng.  (Nov.  30, 
1921)  25,  1009. 
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by  hardness  and  brittleness;  it  injures  the  mechanical  properties  of  the 
alloy,  especially  when  present  in  sufficient  amount.  Annealing  for  2  hr. 
at  800°  C.  does  not  cause  this  special  constituent  to  disappear  if  the  tin 
content  is  over  1  per  cent.  Quenching  from  either  600°  or  800°  C. 
causes  the  special  constituent  to  disappear,  but  the  800°  C.  quench  gives 
a  low  elongation,  whereas  the  600°  C.  quench  improves  both  the  tensile 
strength  and  elongation."  He  states  that  the  special  constituent  forms 
a  white  rim  around  the  alpha. 

Millington,^  who  has  also  studied  the  effects  of  these  elements  on  a  60-40 
base  alloy  in  which  some  of  the  copper  was  replaced  by  the  third  element, 
reached  the  following  conclusions:  (a)  1.11  per  cent,  tin  give  no  other 
than  the  ordinary  alpha-beta  structure,  but  with  2.13  per  cent,  tin  the 
three  phases,  alpha,  beta,  and  delta  were  observed;  (6)  2.8  per  cent,  man- 
ganese failed  to  produce  any  evidence  of  the  third  constituent;  (c)  1.06 
per  cent,  aluminum  gave  a  structure  of  acicular  cystallites  in  large  beta 
crystals,  giving  every  evidence  of  brittle  material;  1.92  per  cent,  aluminum 
revealed  the  blue  constituent  in  a  beta  field;  (d)  1.2  per  cent,  iron  does  not 
produce  any  blue  constituent,  but  this  constituent  was  noted  with  the 
presence  of  1.88  per  cent.  iron.  These  results  were  obtained  on  sand 
castings  without  any  annealing.  In  regard  to  this  special  constituent  he 
says,  "Owing  to  the  similarity  in  appearance  of  the  two  constituents 
gamma  and  delta  when  viewed  through  the  microscope,  it  is  difficult  to  dis- 
tinguish between  them  with  certainty  in  a  ternary  alloy,  since  they  both 
present  a  bluish  color  after  etching  and  for  this  reason  will  be  referred  to 
as  the  blue  constituent."  He  further  states  that,  "The  addition  of  any 
of  the  above  metals  is  accompanied  by  an  increase  in  strength  and  a 
decrease  in  elongation  even  before  the  appearance  of  the  blue  constituent, 
but  the  decrease  in  elongation  becomes  very  great  as  the  blue  constituent 
begins  to  appear." 

Campbell^  has  confirmed  the  alpha,  beta,  delta  field  of  the  ternary  dia- 
gram, Fig.  2,  as  given  by  Hudson  and  Jones  for  the  annealed  tin  brasses, 
with  the  exception  of  minor  differences  in  the  location  of  the  points  of  the 
triangle,  and  has  further  indicated  these  points  for  the  alloys  as  cast. 
His  location  of  these  points  is: 


1    As  cast. . . 

2 

3 

1    Annealed. 


Tin, 
Peh  Cent. 

Zinc, 

Per  Cent. 

Copper, 
Per  Cent. 

4.5 

37.5 

58.0 

2.0 

41.5 

56.5 

0.2 

31.4 

68.4 

4.0 

39.0 

57.0 

1.4 

43.6 

55.0 

0.25 

35.5 

64.25 

8E.  Millington:  Jtd.  Soc.  Chem.  hid.  (1918)  37,  149T. 
9  William  Campbell:  A.  S.  T.  M.  (1920,  Part  II),  105. 
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He  also  gives  the  following  limits  for  the  phases  of  the  copper-zinc 
binary  alloys: 

Per  Cent.  Zinc 
As  Cast  Annealed 

Alpha 0-32.0  0-36.5 

Alpha-beta 32.0-47.0     36.5-45.5 

Beta 47.0-49.0     45.5-49.0 

He  further  states  that  ''the  delta  of  the  copper-tin  series,  or  Cu4Sn, 
and  the  gamma  of  the  copper-zinc  series,  or  Cu2Zn3,  form  a  single  series  of 
solid  solutions;  hence,  in  the  ternary  alloys,  rich  in  both  tin  and  zinc,  it  is 
impossible  to  distinguish  delta  from  gamma." 

Gulliver^^  states  that  in  certain  complex  brasses  the  iron  is  combined 
with,  or  dissolved  in,  some  of  the  zinc,  the  resulting  constituent  appear- 
ing as  small  blue  globules  distributed  through  the  alloy.  He  fm-ther  says 
that  iron  has  comparatively  little  effect  on  brass,  sHghtly  increasing  its 
strength  and  hardness. 

Manganese  bronze  consists  of  a  60-40  copper-zinc  base  alloy,  to  which  is 
added  small  quantities  of  each  of  the  elements,  tin,  aluminum,  iron,  and 
manganese.  Usually  the  percentage  of  any  one  of  the  elements  added 
is  so  small  that,  if  added  alone,  it  would  be  taken  into  solution  and  the 
only  effect  on  the  structure  would  be  to  give  more  beta  prime  and  less 
alpha  than  would  be  expected  for  the  true  zinc  content.  This  effect  can 
be  satisfactorily  estimated  by  the  use  of  Guillet's  ''fictitious  zinc"  calcu- 
lation. However,  when  even  these  small  percentages  of  the  four  ele- 
ments are  added  in  the  same  alloy,  the  joint  effect  often  produces  small 
regular  particles  of  a  third  constituent  of  a  characteristic  blue  color. 
That  these  particles  are  much  harder  than  the  alpha-beta  prime  matrix  is 
shown  by  an  examination  of  the  poHshed  surface  unetched.  They  stand 
out  in  relief.  Contrary  to  the  findings  of  the  experiments  previously 
reviewed,  in  which  the  appearance  of  a  special  constituent  was  accom- 
panied by  a  severe  reduction  in  the  elongation,  a  moderate  amount  of  this 
constituent  is  found  in  ductile  manganese  bronze  (having  an  elongation 
of  at  least  30  per  cent.)  and  a  considerable  amount  is  usually  present  in 
particularly  high-strength  manganese  bronze  (over  80,000  lb.  per  sq.  in. 
tensile  strength) . 

The  results  of  the  examination  of  a  number  of  melts  of  manganese 
bronze  made  in  the  McCook  Field  foundry  are  compiled  in  Table  1. 
Specimens  257-3  and  1108-2  were  made  from  ingot  purchased  outside, 
the  latter  melt  having  the  zinc  content  reduced  by  many  remeltings; 
specimens  431-2  and  435-3B  were  from  ingot  purchased  from  another 
concern.  The  remaining  specimens  were  taken  from  experimental  melts 
mixed  in  the  foundry.  In  those  containing  less  than  0.35  per  cent,  iron, 
each  element  was  added  separately,  except  the  manganese  which  was 

1°  G.  H.  Gulliver:  "  Metallic  Alloys,"  279.     Charles  Griffen  &  Co.,  London. 
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added  in  the  form  of  a  30-per  cent,  manganese  copper;  no  iron  was  inten- 
tionally added  except  a  small  amount  in  the  manganese  copper.  For  the 
other  melts,  a  hardener  ^^  consisting  of  copper,  manganese,  iron,  and  alumi- 
num was  first  made  up  and  melted  with  the  copper,  the  zinc  being  pre- 
heated and  added  in  small  pieces.  The  melting  was  done  in  plumbago 
crucibles  in  an  oil-fired  furnace. 

The  test  bars  were  cast  in  green  sand,  the  metal  being  led  into  the  end 
of  the  bar  by  means  of  a  long  skim  gate.  The  test  specimen  was  %  in. 
(15.87  mm.)  in  diameter  over  the  gage  length  of  2  in.  (50.8  mm.)  with 
shanks  %  in.  (19.05  mm.)  in  diameter.  This  was  machined  to  0.505-in. 
(12.83  mm.)  gage  diameter  with  ends  threaded  for  self-aligning  adapters. 
It  was  fed  by  a  wedge  riser  extending  within  3^^  in.  (12.7  mm.)  of  each  end. 
This  riser  was  joined  to  the  test  bar  by  a  3^^-in.  (6.35  mm.)  web,  above 
which  it  tapered  to  a  width  of  2^iq  in.  (55.56  mm.).  The  height  of  the 
cope  used  was  3  in.  (76.2  mm.).  This  method  was  found  to  give  uniform 
and  dependable  results  that  compared  favorably  with  those  obtainable 
in  actual  castings.  As  an  example,  compare  the  results  from  melt  972 
with  its  remelts.  All  of  the  melts  were  poured  between  1700°  and  1775° 
F.  (927°  and  968°  C.)  with  a  maximum  furnace  temperature  of  1800°  F. 
(982°  C).  The  temperature  w^as  measured  by  a  chromel-alumel  couple 
encased  in  a  chromon-tip  protecting  tube  used  in  conjunction  with  a  high- 
resistance  millivoltmeter. 

For  obtaining  the  metallographic  data,  a  specimen  was  cut  from  the 
end  of  each  test  bar  and  polished  in  the  ordinary  way,  except  that  the  final 
polishing  was  done  by  means  of  an  automatic  device  ^^  which  greatly 
reduced  the  time  required  for  hand  polishing.  It  was  then  examined  at 
500  magnification  for  the  amount  of  the  ''blue  consituent,"  after  which 
it  was  etched,  by  swabbing  with  a  fresh  solution  of  approximately  one 
part  H2O2  in  nine  parts  NH4OH.  For  photographic  purposes,  it  was 
necessary  to  etch  rather  deeply  in  order  to  distinguish  between  the  light 
alpha  and  the  blue  constituent.  With  this  etching,  the  beta  prime  is  a 
clear  bright  yellow,  the  alpha  a  mottled  yellow  or  a  reddish  yellow,  and  the 
blue  constituent  is  unattacked  except  by  very  prolonged  etching,  when 
it  begins  to  dissolve  around  the  edges.  The  specimens  were  examined  at 
100  magnification,  in  order  to  study  the  character  of  the  alpha  and  to 
estimate  the  percentage  present;  the  comparative  grain  size  was  also 
estimated  at  this  magnification.  For  the  specimens  containing  the  blue 
constituent,  500  was  found  to  be  a  satisfactory  magnification  for  com- 
parison. For  a  careful  detailed  examination  of  the  blue  constituent  a 
magnification  of  1000  was  obtained  by  means  of  a  Bausch  &  Lomb  1.9- 
mm.  oil-immersion  fluorite  objective. 

'1  See  E.  H.  Dix,  Jr.,  Methods  of  Casting  Manganese-bronze  Test  Bars  as  a  Check 
on  Melts  of  Small  Castings,  A.  S.  T.  M.,  1921. 

^2  Designed  and  patented  by  E.  V.  Sehaal,  McCook  Field,  Dayton,  Ohio. 
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Figs.  3  to  11  show  three  bronzes  of  approximatel}^  the  same  chemical 
composition  at  the  three  magnifications.  According  to  Table  1,  specimen 
540-1  is  a  good  example  of  high-strength  manganese  bronze;  specimen 
1260  is  weaker  by  10,000  lb.  per  sq.  in.  and  its  elongation  is  too  low  to 
meet  even  the  easiest  specification;  while  specimen  1130  is  still  weaker 
and  extremely  brittle.  A  comparison  of  the  structures  at  lOOx  shows  that 
the  amount  of  alpha  constituent  decreases  from  approximately  20  per 
cent,  in  540-1  to  15  per  cent,  in  1260,  and  to  10  per  cent,  in  1130.  The 
character  of  the  alpha  constituent  is  the  same,  being  recorded  as  "fine" 
in  the  table;  the  grain  size  of  the  original  beta  constituent  is  also  about  the 
same  in  all  three.  The  structures  at  500x  reveal  considerable  blue  con- 
stituent (white  regular  particles  in  photographs)  in  all  three  specimens. 
The  photographs  of  specimens  540-1  and  1260  at  this  magnification 
were  made  with  a  blue  filter;  therefore  the  blue  constituent  shows  a 
clearer  white  than  in  the  photograph  of  specimen  1130  but  there  should 
be  no  difficulty  in  recognizing  this  constituent  in  the  latter  photograph. 
In  a  visual  examination,  this  constituent  is  a  clear  blue  that  is  instantly 
recognized.  A  careful  visual  examination  over  the  whole  area  showed 
that  specimens  540-1  and  1130  had  about  equal  amounts  of  the  blue 
constituent  but  a  slightly  greater  amount  was  present  in  specimen  1260. 
The  photographs  at  lOOOx  reveal  the  blue  constituent  very  clearly.  It 
will  be  noted  that  these  particles  are  closely  associated  with  the  alpha 
constituent  and  usually  are  embedded  in  it.  Certainly  the  structure 
does  not  give  any  evidence  that  the  brittleness  of  specimens  1260  and 
1130  is  due  in  any  w^ay  to  the  presence  of  the  blue  constituent.  Is  the 
difference  in  the  percentage  of  the  alpha  constituent  present  in  the  three 
sufficient  to  account  for  the  difference  in  elongation?  In  mixing  these 
three  melts,  the  same  chemical  composition  was  aimed  at  and  the  actual 
chemical  analyses  obtained  are  very  close;  the  fictitious-zinc  calculations 
give  46.0  per  cent,  for  specimen  540-1,  45.9  per  cent,  for  specimen  1130, 
and  45.6  per  cent,  for  specimen  1260.  Melts  1130  and  1260  were  made 
from  a  different  lot  of  electrolj^tic  copper  and  from  a  slightly  less  pure 
spelter  than  melt  540.     The  analyses  of  these  materials  are: 


Melt  540, 
Per  Cent. 

Melts  1130  and 
1260,  Per  Cent. 

Zinc 

...Pb 

nil 

Pb 

0.22 

Fe 

0.05 

Fe 

0.04 

Cd 

nil 

Cd 

0.50 

Zn 

99.95  (Dif.) 

Zn 

99.24  (Dif.) 

Copper . . . 

.  .  . Cu 

99.80 

Cu 

99 . 79 

That  the  amount  of  alpha  constituent  present  cannot  exert  so  great 
an  effect  on  elongation  is  shown  by  specimen  1301-1,  which  contains 
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Fig.  3. — Specimen  540-1.      X  100. 


Fig.  4.— Specimen  540-1.      X  500. 


^r^ 


fU..    6. OPECI.viEN    540-1.       X   1(100. 


1 IG.  0.— Specimen  12tj0.      X  100. 


^^^    ) 


x^^.. 


t:^" 


Fig.  7.— Specimen  1260.     X  500.  Fig.  8.— Specimen  1260.     X  1000. 

All  specimens  etched  with  NH4OH  +  H2O2.  Specimen  540-1,  tensile  strength, 
83,770  lb.  per  sq.  in.;  elongation,  22.5  per  cent.;  Brinell,  156.  Specimen  1260,  tensile 
strength  74,0101b.  per  sq.  in.;  elongation,  8.5  per  cent.;  Brinell,  130. 
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slightly  less  zinc  than  the  three  previously  considered  and  consequently 
shows  approximately  35  per  cent,  alpha.  However,  the  elongation  of 
this  melt  was  only  9.5  per  cent,  and  as  this  was  made  from  the  same  copper 
and  zinc  as  the  melts  1130  and  1260  it  seems  reasonable  to  conclude  that 
low  elongation  is  due,  at  least  in  part,  to  the  different  grade  of  raw 
material  used.  Numerous  references  in  the  practical  literature  substan- 
tiate this  view  and  it  is  regretted  that  a  more  complete  analysis  was  not 
made  of  the  raw  materials  used  in  these  experiments. 

The  effect  of  the  true  zinc  content  on  the  microstructure  is  seen  by 
comparing  Figs.  7,  12,  13,  14,  and  15.  The  percentage  of  hardening 
elements  in  these  five  specimens  is  approximately  the  same.  Melt  1260 
was  first  made  with  40.0  per  cent,  zinc  and  melt  1270  with  35  per  cent, 
zinc.  Equal  weights  of  these  two  melts  were  then  melted  to  give  melt 
1272  with  37.5  per  cent.  zinc.  This  last  melt  was  melted  with  an  equal 
weight  of  1260  to  give  melt  1285  with  38.75  per  cent.  zinc.  Sufficient 
zinc  was  then  added  to  give  42.6  per  cent,  in  melt  1365.  The  percentage 
of  blue  constituent  was  not  appreciably  altered  by  the  change  in  the 
zinc  content,  but  the  character  and  amount  of  the  alpha  constituent  was 
greatly  affected.  There  was  no  alpha  constituent  present  in  melt  1365. 
The  effect  on  the  physical  properties  was  an  increase  in  elongation,  which 
was  directly  proportional  to  the  decrease  in  the  zinc  content;  the  tensile 
strength  and  hardness  were  only  slightly  affected. 

Fig.  16  shows  the  structure  of  a  very  ductile  bronze  in  which  the  per- 
centage of  total  hardening  constituents  is  low  and  no  blue  constituent  is 
formed.  The  elongation  of  this  specimen  was  45.5  per  cent,  but  the 
tensile  strength  was  less  than  60,000  lb.  per  sq.  in.  The  alpha  constituent 
is  present  in  large  amount  and  is  coarse.  Specimen  491  is  the  only  other 
bronze  that  did  not  contain  some  blue  constituent.  In  specimens  175-3 
and  207-3,  the  blue  constituent  was  scarce  and  very  fine.  Specimen  175- 
3  represents  good  physical  properties,  although  both  tensile  strength  and 
elongation  are  less  than  those  of  melt  540.  None  of  the  other  melts 
possesses  particularly  desirable  properties. 

Remembering  the  work  done  on  tin  brasses,  in  which  the  occurrence  of 
a  blue  constituent  had  been  described  by  a  number  of  experimenters,  it 
was  decided  to  make  up  a  melt  of  manganese  bronze  containing  no  tin 
in  order  to  be  sure  that  the  blue  constituent  was  formed  by  the  presence 
of  other  elements  besides  tin.  Thus,  melt  1378  was  made  up  of  the  same 
percentages  of  aluminum,  manganese,  iron,  and  zinc  as  melt  540  but  the 
tin  was  omitted.  The  cast  structure  was  found  to  contain  a  larger 
amount  of  the  alpha  constituent  than  melt  540,  but  about  the  same  amount 
of  blue  constituent.  Another  melt  was  made  up  containing  8  per  cent, 
tin,  8  per  cent,  zinc,  23^^  per  cent,  manganese,  and  81^  per  cent,  copper, 
and  in  this  a  network  of  the  delta  constituent  was  obtained.  This  delta 
constituent,  unetched,  was  a  paler  blue  than  the  blue  constituent  in 
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Fig.  9.— Specimen  1130.   X  100. 


Fig.  10.— Specimen  1130.   X  500. 


Fig.  11.— Specimen  1130.   X  1000.   F 
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Fig.  13.— S  p  e  c  i  m  e  n    1285-2.     Zinc     Fig.   14.— Specimen  1272-1.     Zinc 
38.75  PER  cent.      X  500.  37.50  per  cent.      X  500. 

All  specimens  etched  with  XH4OH  +  IlaO..     Specimen   1130,  tensile  strength, 
69,320  lb.  per  sq.  in.;  elongation,  2.7  per  cent.;  Brinell,  114. 


E.    H.    DIX,    JR.  653 

manganese  bronze  and  was  always  present  as  a  network  structure  and 
never  formed  the  regular  particles  found  in  manganese-bronze.  How- 
ever, its  reaction  with  the  etching  reagent  was  similar  to  that  of  the  blue 
constituent  of  manganese-bronze. 

To  test  out  Gulliver's  hypothesis  regarding  the  iron-zinc  compound  or 
solution,  an  attempt  was  made  to  dissolve  25  per  cent,  iron  in  molten 
zinc.  The  iron  was  added  as  thin  sheet,  but  after  holding  the  zinc  at  as 
high  a  temperature  as  possible  without  too  great  a  loss  from  volatiliza- 
tion for  2  hr.,  it  was  found  that  only  one-fifth  of  the  iron  had  been  dis- 
solved. The  resulting  alloy  was  hard  and  brittle.  When  pohshed  and 
examined  microscopically,  it  did  not  show  any  particles  that  resembled 
the  blue  constituent  in  manganese  bronze.  However,  when  40  per  cent, 
of  this  alloy  was  added  to  60  per  cent,  molten  copper,  the  microstructure 
of  the  resulting  brass  showed  an  abundance  of  the  blue  constituent. 

An  alloy  of  20  per  cent,  iron  and  80  per  cent,  copper  was  made  by 
melting  the  two  metals  together  in  a  small  electric  induction  furnace. 
The  metals  were  thoroughly  mixed  in  the  molten  state  and  the  resulting 
alloy  was  very  fluid.  When  poured  into  iron  ingot  molds  however,  large 
globules,  probably  of  the  iron-rich  soHd  solution,  liquated  to  the  top  of 
the  ingot.  A  microsection  revealed  numerous  particles  resembhng  the 
blue  constituent  in  manganese  bronze;  these  were  evidently  composed  of 
the  same  iron-rich  solid  solution  that  had  segregated  in  the  top  of  the 
ingot.  This  alloy  was  remelted  and  sufficient  zinc  added  to  give  a 
resulting  mixture  of  57.5  per  cent,  copper,  39.8  per  cent,  zinc,  2.7  per 
cent.  iron.  A  polished  section  of  this  alloy  revealed  a  few  particles  as 
large  as  pinheads  and  numerous  specks  just  visible  to  the  naked  eye. 
A  microscopic  examination  showed  in  addition  an  abundance  of  particles 
of  approximately  the  same  size  as  the  blue  constituent  in  manganese 
bronze;  both  large  and  small  particles  had  the  same  characteristic  blue 
color.  The  writer  has  also  observed  similar  microscopic  particles  of  the 
characteristic  shape  and  color  in  aluminum  bronze  of  the  following  com- 
position: 86  per  cent,  copper,  10  per  cent,  aluminum,  and  4  per  cent.  iron. 
Thus  it  appears  that  iron  is  capable  of  forming  a  constituent  with  copper, 
without  the  presence  of  zinc,  which  resembles  the  blue  constituent  in 
manganese  bronze. 

However,  hardeners  for  manganese  bronze  containing  approximately 
50  per  cent,  copper,  25  per  cent,  iron,  10  per  cent,  tin,  10  per  cent,  alumi- 
num, and  5  per  cent,  manganese  do  not  contain  any  blue  constituent. 
Further,  it  has  been  found  that  when  this  hardener  is  added  to  copper  in 
the  process  of  making  manganese  bronze,  no  blue  constituent  is  found 
in  a  sample  taken  just  before  the  zinc  is  added.  This  alloy,  which  has 
approximately  the  following  composition — 95.7  per  cent,  copper,  2.15  per 
cent,  iron,  0.86  per  cent,  aluminum,  0.86  per  cent,  tin,  and  0.43  per  cent, 
manganese — consists  of  a  single  solid  solution.     When  the  zinc  is  added 
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to  give  a  composition  of  55.5  per  cent,  copper,  42.0  per  cent,  zinc,  1.25 
per  cent,  iron,  0.50  per  cent,  aluminum,  0.50  per  cent,  tin,  and 0.25  per  cent, 
manganese,  considerable  blue  constituent  is  present.  Thus,  the  zinc  is 
responsible  for  the  precipitation  of  the  blue  constituent  from  the  copper 
solid  solution. 

Several  melts  were  then  made  up  containing  a  little  more  tin  and  alumi- 
num than  is  usual  in  manganese  bronze  but  without  any  iron.  Careful 
examination  at  high  power  failed  to  reveal  any  blue  constituent.  The 
other  melts  given  in  Table  1  in  which  the  blue  constituent  is  either  scarce 
or  entireh^  absent  are  all  low  in  iron  (below  0.30  per  cent.). 

From  this,  it  seems  safe  to  conclude  that  in  manganese  bronze  of  the 
usual  composition  (aluminum  and  tin  under  1  per  cent.,  iron  under  1.5 
per  cent.,  and  manganese  under  0.5  per  cent.)  the  occurrence  of  the  blue 
constituent  is  due  principall}^  to  the  presence  of  iron.  Thus,  the  manner 
of  the  occurrence  of  this  constituent  is  explained.  For,  because  of  its 
high  melting  point,  it  first  forms  in  the  liquid  as  minute  globules,  which 
coalesce  until  the  alpha  constituent  begins  to  form  around  them.  It  has 
been  noted  that  the  particles  of  blue  constituent  are  usually  embedded 
in  the  alpha  constituent,  although  some  may  remain  to  be  entrapped  in 
the  beta. 

In  order  to  compare  the  structure  of  the  manganese  bronzes  with  that 
of  yellow  brass  of  a  similar  zinc  content,  two  melts  were  made  up.  Melt 
1368,  having  a  zinc  content  of  45  per  cent.,  which  is  close  to  the  fictitious 
content  of  melt  540,  and  another,  melt  1382,  having  50  per  cent,  zinc, 
which  is  slightly  higher  than  the  fictitious  zinc  content  of  melt  1365. 
Melt  1368,  as  cast,  was  found  to  have  a  simple  alpha-beta  prime  structure 
with  approximately  15  per  cent,  alpha.  j\Ielt  1382,  as  cast,  contained  no 
alpha  constituent  but  a  considerable  quantity  of  gamma;  its  structure  is 
shown  in  Fig.  17.  This  specimen  was  etched  in  the  same  manner  as  the 
manganese  bronzes  but  a  very  light  application  of  the  etching  reagent 
tarnished  the  gamma  constituent  and  a  slightly  deeper  etch  dissolved  it, 
leaving  the  black  areas  shown.  This  is  particularl}^  interesting  inasmuch 
as  the  blue  constituent  of  the  manganese  bronzes  was  dissolved  only 
after  prolonged  etching  and  then  only  at  the  boundaries,  the  surfaces 
remaining  a  clear  untarnished  blue.  An  examination  of  the  gamma 
constituent  before  etching  showed  it  to  be  a  slightly  paler  shade  of  blue 
than  the  blue  constituent  of  the  manganese  bronze. 

Two  specimens  of  melt  540  were  heated  for  7%  hr.  at  1560°  F.,  +  10°. 
One  specimen  was  w^ater  quenched  from  this  temperature  and  the  other 
allowed  to  remain  in  the  furnace  with  the  power  cut  off.  The  pyrometer 
record  showed  that  the  furnace  cooled  rapidly  for  the  first  few  hours  and 
then  much  more  gradually  until  after  8  hr.  there  was  very  little  slope  to 
the  curve.  After  16>^  hr.  the  temperature  had  dropped  to  480°  F.  and 
this  specimen  was  taken  out  and  water  quenched.     The  structures  of 
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Fig.   15.— Si'KdMKX  1270-1.     Zinc,  35.0 

Fig.     16. — Specimen    460-5.     Elonga- 

PER    CENT.        X   500.                                              TION,    45.5    PER    CENT.        X    100. 
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Fig.     17.— Specimen     1382-2-     Cop-     Fig.   18.— Specimen  540-1.     W    a  t  e  r 
per,  50  PER  cent.;  Zinc,  50  per  cent.         quenched  from  1560°  F.      X  500. 
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Fig.  19.— Specimen  540-2.     Slowly  cooled  to  480°  F.      X  500. 
All  .specimens  etched  with  NH4OH  +  H2O2. 
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these  two  specimens  are  shown  in  Figs.  18  and  19.  The  specimen 
quenched  from  1560°  F.  showed  grains  of  the  beta  constituent  in  which 
were  embedded  rounded  particles  of  the  blue  constituent.  The  specimen 
cooled  to  480°  F.  and  water  quenched  showed  coalesced  particles  of  the 
alpha  and  the  blue  constituent  in  the  matrix  of  beta  prime.  The  amount 
of  the  blue  constituent  in  these  two  specimens  was  slightly  less  than  in  the 
specimen  as  cast  and  the  particles  much  more  rounded  (compare  with  Fig. 
4).  No  difference  in  the  matrix  of  Figs.  18  and  19  was  discernible,  but 
one  is  called  beta  and  the  other  beta  prime  to  conform  to  the  equilibrium 
diagram  of  Fig.  1. 

Three  specimens  of  melt  1270  were  heated  to  1560°  F.  and  water 
quenched  after  2^^,  dji  and  7%  hr.,  respectively,  at  that  temperature. 
No  difference  in  the  amount  of  blue  constituent  present  could  be  noted  in 
these  three  specimens.     A  small  amount  of  alpha  was  present  in  all  three. 

Two  specimens  of  melt  1382  (50  per  cent,  copper  and  50  per  cent,  zinc) 
were  treated  at  the  same  time  and  in  the  same  way  as  the  specimens  of 
melt  540.  The  specimen  quenched  at  1560°  F.  showed  no  gamma  con- 
stituent present,  whereas  that  cooled  to  480°  F.  had  about  the  same 
amount  of  gamma  as  Fig.  17.  In  a  like  manner,  and  at  the  same  time, 
two  specimens  of  melt  1368  (55  per  cent,  copper  and  45  per  cent,  zinc) 
were  treated.  The  specimen  quenched  from  1560°  F.  showed  grains  of 
pure  beta  and  the  one  cooled  to  480°  F.  showed  the  normal  alpha-beta 
prime  structure. 

Conclusions 

1.  When  the  hardening  elements  (aluminum,  tin,  iron,  and  manganese) 
are  added  to  the  60-40  copper-zinc  alloy  in  sufficient  quantities  to  pro- 
duce a  high-strength  manganese  bronze,  a  third  constituent  appears  in 
the  alpha-beta  prin:e  complex,  which  has  a  characteristic  clear  blue  color. 

2.  The  occurrcxice  of  this  constituent  in  reasonable  amounts  is  not 
necessarily  accompanied  by  brittleness. 

3.  Annealing  for  7^-4  hr.  at  1560°  F.,  followed  by  either  water  quench- 
ing or  slow  cooling,  does  not  cause  the  disappearance  of  this  constituent. 

4.  This  constituent,  when  examined  unctchcd,  appears  to  be  of  a 
deeper  blue  than  either  the  delta  constituent  of  the  copper-tin  series  or 
the  gamma  constituent  of  the  copper-zinc  series.  When  etched  with 
NH4OH  plus  H2O2,  the  blue  constituent  is  unattacked  except  for  a  slight 
eating  away  at  the  edges  under  prolonged  etching,  whereas  the  gamma 
constituent  with  the  same  reagent  is  immediately  tarnished  and  rapidly 
dissolved.  The  characteristic  shape  of  the  blue  constituent  is  decidedly 
different  from  that  of  the  delta  of  the  copper-tin  alloys. 

5.  For  practical  purposes  in  the  study  of  the  microstructure  of  man- 
ganese bronzes,  it  seems  highly  desirable  to  regard  the  blue  constituent 
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as  distinct  from  either  the  delta  or  gamma,  and  it  is  suggested  that  it 
may  reasonably  be  denoted  as  delta  prime. 

6.  In  the  manufactm'e  of  manganese  bronze,  the  particles  of  delta 
prime  are  precipitated  from  the  copper-rich  solution  by  the  addition 
of  the  zinc.  This  precipitation  is  strongly  influenced  by  the  presence  of 
iron  and,  therefore,  the  particles  probably  consist  of  a  solid  solution  of 
iron  and  copper  with  or  without  some  tin,  aluminum  or  manganese. 

The  author  wishes  to  acknowledge  his  indebtedness  to  Lieut.  A.  J. 
Lyon  for  his  kind  assistance  in  discussions  and  experimental  work  and  to 
Mr.  J.  L.  Hester  for  assistance  in  the  photographic  work. 

DLSCUSSION 

George  F.  Comstock,*  Niagara  Falls,  N.  Y.  (written  discussion). — 
The  work  of  Gulliver  ^ ^  and  Hudson ^^  had  led  us  to  believe  that  this  blue  con- 
stituent was  an  iron-zinc  compound,  but  the  author  seems  to  have  proved 
that  copper  is  necessary  for  its  formation.  Would  it  not  be  reasonable 
to  assume,  at  least  until  further  data  are  obtained,  that  this  constituent 
is  a  ternary  compound  of  copper,  zinc,  and  iron,  instead  of  merely  an 
iron-copper  compound  precipitated  from  solution  by  zinc?  The  author 
seems  to  have  been  influenced  toward  the  latter  conclusion  because  of  the 
discovery  of  a  similar-appearing  compound  in  aluminum-bronze  contain- 
ing iron  but  no  zinc.  Our  experience  with  this  iron  constituent  in 
aluminum  bronze,  however,  has  been  that  it  is  strongly  attacked  by  the 
acid  ferric-chloride  etching  solution  recommended  by  Carpenter  and 
Edwards,  while  the  blue  constituent  in  manganese  bronze  is  not  attacked 
by  acid  ferric  chloride.  Possibly,  if  the  author  should  try  this  method 
of  etching,  a  difference  would  be  found  between  these  two  constituents, 
and  the  theory  that  the  one  in  manganese  bronze  contained  zinc  would  not 
be  found  untenable. 

It  has  always  seemed  to  the  writer  that  one  of  the  important  differ- 
ences between  manganese  bronze  and  a  plain  copper-zinc  alloy,  such  as 
muntz  metal,  is  the  presence  of  these  fine  blue  crystals  in  the  former  and 
not  in  the  latter.  The  superior  physical  properties  of  manganese  bronze 
are  probably  only  partly  caused  by  the  simple  hardening  effect  of  the 
iron,  aluminum,  etc.  in  solid  solution,  and,  to  a  considerable  extent, 
by  the  refinement  of  the  grain  brought  about  by  the  formation,  in  the 
molten  alloy,  of  these  little  crystals,  which  then  constitute  nuclei  for 
starting  the  growth  of  numerous  copper-zinc  alloy  crystals.     Without 
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the  blue  crystals  as  nuclei,  fewer  alloy  crystals  are  formed  and  their 
size  is  therefore  greater,  other  conditions  being  the  same. 

We  are  not  in  sympathy  with  the  suggestion  to  call  this  blue  com- 
pound "delta  prime,"  for  the  other  Greek  letters  are  most  commonly 
used  for  phases  of  either  the  copper-tin  or  copper-zinc  systems,  and  it 
would  introduce  an  element  of  confusion  into  the  nomenclature  to  apply 
this  particular  Greek  letter  to  a  substance  that  is  primarily  an  iron 
compound.  It  seems  more  reasonable  to  retain  the  name  "blue  constitu- 
ent," or  perhaps  "iron  constituent,"  for  this  substance  does  not  occur 
in  either  the  copper-tin  or  copper-zinc  series. 

Paul  D.  Merica,  New  York,  N.  Y. — Some  years  ago,  when  examin- 
ing various  specimens  of  wrought  and  cast  manganese  bronze,  it  was 
found  that  the  use  of  a  reagent  for  iron,  consisting  of  dilute  hydrochloric 
acid  and  potassium  ferricyanide,  indicates  that  the  bhie  constituent 
in  manganese  bronze  may  be  of  two  varieties,  one  that  turns  blue  on 
the  addition  of  this  reagent  and  one  that  does  not.  There  was  also 
in  the  specimens  examined  a  marked  difference  in  the  form  of  these 
two.  The  blue  constituent,  which  I  think  the  author  has  principally  in 
mind,  generally  occurs  in  the  form  of  star-shaped  crystals,  whereas 
the  one  that  turns  blue  on  the  addition  of  the  iron  reagent  generally  is 
of  an  irregular  rounded  shape  and  generally  larger ;  the  latter  obviously 
contains  a  high  percentage  of  iron. 

Wm.  B.  Price,  Waterbury,  Conn. — I  have  found  this  blue  constitu- 
ent in  a  special  naval  brass  that  we  manufacture,  containing  as  high  as 
62  per  cent,  copper,  under  certain  conditions  of  heat  treatment. 

E.  J.  Decker. — Does  the  hard  substance  affect  the  tool  in  machining? 

E.  H.  Dix,  Jr. — When  the  managnese  bronze  was  etched  with  the 
FeCls  in  hydrochloric  acid,  the  blue  constituent  turned  black  almost 
immediately.  The  suggestion  that  the  name  delta  prime  be  given  this 
constituent  was  made  from  a  desire  for  some  shorter  term. 

Some  time  ago  Jesse  L.  Jones  suggested  that  we  try  potassium  fer- 
ricyanide; we  did  and  the  whole  specimen  became  blue.  We  have 
found  both  the  rounded  and  the  star-shaped  particles  in  the  same  speci- 
men and  the  star-shaped  in  a  particularly  high-strength  manganese 
bronze  containing  no  tin  but  large  amounts  of  iron  and  aluminum.  I  do 
not  doubt  but  that,  if  the  tin  is  high  enough  and  the  copper-zinc  ratio 
is  right,  you  will  get  your  delta  of  the  copper-tin  series  present. 

We  know  that  these  particles  are  hard  because  in  poHshing  they  stand 
out  in  relief,  but  we  have  never  had  any  trouble  in  machining  because 
theyare  well  distributed- 
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Bruno  Woyski,*  Buffalo,  N.  Y. — While  for  the  time  we  considered 
this  blue  constituent  a  compound  of  iron  and  zinc,  the  author  points 
out  the  possibility  of  zinc  drawing  this  compound  out  of  copper  solution. 
Zinc  and  iron  form  about  five  compounds,  so  to  reproduce  this  blue  con- 
stituent in  zinc  it  would  be  necessarj^  to  dissolve  much  less  iron  in  zinc ; 
about  4  per  cent,  of  iron  in  zinc  appears  in  globules.  In  zinc-aluminum 
alloys,  in  the  presence  of  a  small  quantity  of  iron,  a  similar  constituent 
appears,  which  has  different  forms  under  different  cooling  conditions. 
In  manganese  bronze  not  containing  aluminum,  this  blue  constituent  is 
of  a  little  different  form  than  in  the  presence  of  aluminum. 

I  agree  with  Mr.  Comstock  that  it  is  doubtful  if  this  compound  con- 
tains copper  and  am  inclined  to  believe  that  the  compound  in  manganese 
bronze  contains  iron,  zinc  and  aluminum. 

Wm.  B.  Peice. — If  it  were  an  iron,  zinc,  and  aluminum  compound 
you  would  get  it  in  some  other  alloys.  The  iron-zinc  compound  that 
you  mention,  of  course,  occurs  with  small  amounts  of  iron,  very  much 
less  than  you  mention,  in  spelter. 

C.  H.  BiEEBAUM,t  Buffalo,  N.  Y. — I  do  not  believe  the  blue  con- 
stituent is  a  primary  compound;  it  is  a  transition  from  one  state  into 
another,  because  it  is  directty  continuous  and  contiguous  with  the  other 
crystals.  Of  course  the  small  globular  crystal  we  have  called  the  alumno- 
ferrite  is  quite  a  different  thing. 

Mr.  RoDELL. — In  what  form  do  you  introduce  iron  into  the  manganese  ? 

E.  H.  Dix,  Jr. — We  introduce  it  in  a  hardener  in  copper  containing 
also  tin,  aluminum  and  manganese. 

Mr.  RoDELL. — ^We  introduce  the  manganese  first  and  the  copper 
afterwards,  and  have  gotten  very  good  results. 

R.  R.  Shipman,  Knoxville,  Tenn. — In  these  tests,  what  copper  was 
used?  Is  there  any  difference  in  a  Lake  Superior  copper,  Tennessee 
copper,  or  Montana  copper?  What  difference  is  there  in  American 
zinc  and  Belgian  zinc  ?  This  test  may  have  been  made  w  ith  Lake  Superior 
copper  and  American  zinc  and  somebody  else  may  try  it  with  Tennessee 
copper  and  Belgian  zinc.  A  lot  of  us  are  left  in  the  dark  by  not  knowing 
what  copper  is  used. 

E.  H.  Drx,  Jr.— That  is  a  question  that  has  been  worrying  us,  are 
there  any  differences  in  the  raw  materials?  The  first  experiments  were 
made  with  American  zinc,  I  do  not  know  the  brand,  and  electrolytic 
copper;  later  we  changed  the  source  of  supply  and  we  got  different  results. 


*  Chief  Metallurgist,  Lumen  Bearing  Co. 
t  Vice-President,  Lumen  Bearing  Co. 
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If  we  had  some  way  of  specifying  sand,  we  could  do  it.     It  was  supposed 
to  be  Alban}^  00,  but  cverj^  time  we  got  a  load  it  was  different. 

Henry  S.  Rawdon,  Washington,  D.  C.  (written  discussion). — The 
author  has  given  us  an  admirable  bit  of  "reconnaissance"  work  in  this 
discussion  of  the  nature  and  influence  of  the  blue  constituent  in  manganese 
bronze.  The  writer  believes  that  the  author  intended  this  study  only 
as  preliminarj^,  for,  as  is  very  evident,  an  elaborate  investigation  would 
be  required  to  establish  with  positive  assurance  the  exact  nature  of 
this  constituent. 

It  is  to  be  regretted  that  the  observations  and  tests  were  not  extensive 
enough  to  permit  rather  definite  conclusions  being  drawn  regarding  the 
influence  of  this  constituent  upon  the  properties  of  the  alloy,  for  after  all, 
it  is  the  properties  of  materials  that  all  metallurgists,  metal  microscopists, 
and  testing  engineers  are  ultimately  concerned  with.  The  author 
concludes  that,  when  present  in  reasonable  amounts,  this  constituent  is 
not  necessarily  accompanied  by  brittleness.  The  data  given,  however,  are 
too  few  to  enable  one  to  decide  just  what  constitutes  a  reasonable 
amount.  According  to  Hoyt^^  "iron  is  the  principal  ingredient  aft'ect- 
ing  the  properties  of  the  finished  material  {i.e.,  manganese  bronze),  the 
function  of  the  manganese  being  to  assist  the  copper  to  take  up  the  iron  in 
solid  solution."  The  inference  is  that  the  iron  must  be  in  solid  solution 
in  order  to  assert  its  maximum  influence.  The  author  of  the  article 
under  discussion  concludes  as  a  result  of  his  observations  that  the 
occurrence  of  the  blue  constituent  is  due  principally  to  the  presence  of 
iron."  It  would  seem  then,  that  there  should  be  some  relation  between 
these  two  facts,  the  determination  of  which  should  be  of  considerable 
practical  importance. 

One  circumstance  that  renders  it  impossible  to  draw  definite  con- 
clusions from  the  author's  data  is  the  presence  of  a  relatively  high  per- 
centage of  aluminum  in  nearly  all  of  the  alloys.  The  beneficial  effect  of 
aluminum  on  the  mechanical  properties  of  manganese  bronze  is,  of  course, 
well  known  and  its  addition  is  a  matter  of  common  usage,  particularly 
for  castings  of  this  material. 

The  writer  regards  the  suggestion  that  the  blue  constituent  "may 
reasonably  be  denoted  as  delta  prime"  an  unwise  one.  The  real  delta 
constituent  of  the  copper-zinc  series  is  found  only  in  alloj'S  of  high  zinc 
content  (70-80  per  cent.)  and  does  not  ordinarily  occur  in  these  alloys 
except  at  elevated  temperatures  and  so  would  never  be  found  in  man- 
ganese bronze.  The  term  delta  prime  immediately  suggests  that  in 
some  manner,  by  the  additions  made  to  the  alloy,  this  constituent  has 

'5  S.  L.  Hoyt,  Metallography  II,  Metals  and  Common  Alloys,  McGraw  Hill  Co. 
(1921),  130. 
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been  causcil  to  appear  out  of  its  propci-  position  in  the  family  of  copper- 
zinc  alloys.  The  bkie  constituents,  which,  as  the  author  shows,  results 
from  the  addition  of  iron,  is  properly  to  be  regarded  as  a  constituent  of  a 
ternary,  or  even  a  more  complex,  system  and  may  bear  no  relation  what- 
ever to  the  real  delta  constituent  of  the  simple  binary  copper-zinc  series. 

In  general,  the  experience  of  the  writer  in  the  metallographic  examina- 
tion of  iron-bearing  brasses,  aluminum  bronzes  containing  iron,  as  well 
as  ordinary  manganese  bronze,  confirms  the  conclusion  reached  by  the 
author  that  the  blue  constituent  is  most  properly  to  be  regarded  as  a 
result  of  the  addition  of  iron. 
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Spectrum  Analysis  in  an  Industrial  Laboratory 

By  W.  H.  Bassett*  and  C.  H.  Davis,!  Waterbury,  Conn. 

(New  York  Meeting,  February,  1922) 

The  ease  and  value  of  the  application  of  spectrum  analysis  to  industrial 
chemistry  appears  to  be  appreciated  in  few  of  the  large  works  laboratories 
of  this  country.  For  8  years,  this  analysis  has  been  of  great  value  to  the 
authors  in  both  analytical  and  metallurgical  work. 

To  the  analyst  the  complete  qualitative  analysis  of  an  unknown  alloy, 
revealed  by  a  spectrogram,  is  a  sure  basis  for  the  planning  of  the  most 
direct  and  rapid  method  of  attack.  As  the  determination  of  each  element 
proceeds,  the  purity  of  precipitates  may  be  checked  as  often  as  desired. 
The  spectrograph  proves  invaluable  in  the  recognition  of  impurities, 
the  separation  of  which  would  entail  a  lengthy  and  difficult  procedure,  or 
when  the  weight  of  an  unknown  is  less  than  is  necessary  to  complete  the 
desired  determinations.  A  few  hundredths  of  a  gram  will  usually  suffice 
for  spectrographic  analysis. 

In  the  separation  of  the  rarer  elements,  the  spectrograph  will  show, 
with  precision,  the  point  where  each  step  has  been  successful.  In  zinc 
of  certain  classes,  indium,  gallium,  and  germanium  have  been  isolated  in 
this  way;  the  presence  of  antimony  in  lake  coppers  has  been  proved;  and 
bismuth  has  been  detected  in  zinc  and  in  alloys  where  the  presence  of  a 
few  thousandths  of  a  per  cent,  would  be  harmful.  An  antimony  precipi- 
tate in  a  delicate  determination  may  contain  a  considerable  proportion 
of  tin  or  arsenic,  both  of  which  will  be  revealed.  The  spectrograph  is 
consequently  important  to  the  metallurgist  as  well  as  to  the  analyst. 

Impurities  in  raw  material  are  often  a  source  of  annoyance,  especially 
when  their  detection  involves  delay  and  costly  analytical  work.  Whether 
low  conductivity  in  copper  is  due  to  arsenic,  nickel,  or  something  else 
may  be  quickly  found  out.  Residual  traces  of  boron,  magnesium, 
manganese,  sihcon,  vanadium,  and  other  deoxidizing  agents  are  easily 
identified  where  wet  analysis  may  fail  to  reveal  their  presence,  even  after 
days  of  effort.     Complex  alloys  of  any  kind  are  dissociated  by  the  spectro- 

*  Technical  Superintendent  and  Metallurgist,  American  Brass  Co. 
t  Assistant  Metallurgist,  American  Brass  Co. 
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graph  into  a  spectrum,  the  reading  of  which  gives  the  elements  present, 
together  with  an  idea  of  the  relative  amounts  of  each.  The  secrets  of  the 
inventors  of  alloys  and  hardened  metals  are  no  great  problems  when, 
for  their  solution,  one  can  depend  on  the  application  of  the  microscope 
and  spectrograph. 

The  Hilger  Quartz  "D"  spectrograph,  which  has  been  used,  has  an 
optical  train  of  one  quartz  lens  of  70  mm.  clear  aperture  and  170  cm. 
focal  length,  and  a  30°  prism  of  quartz  98  mm.  length  of  refracting  face 
by  57  mm.  high.  The  second  face  is  coated  with  tin-mercury  amalgam. 
The  light  is  focused  upon  the  slit  by  a  cylindrical  quartz  lens  and,  enter- 
ing, is  reflected  along  the  camera  tube  by  a  right-angled  prism  of  quartz. 
It  is  then  collimated  by  the  lens,  enters,  is  reflected  back  by  the  quartz 
prism,  and  retraces  its  path  through  the  lens  to  the  photograph  plate. 
Adjustments  make  it  possible  to  photograph  the  complete  spectrum, 
about  24  in.  (61  cm.)  in  length,  by  three  exposures.  Several  exposures 
may  be  taken  upon  the  same  4  by  10  in.  plate. 

Certain  changes  have  been  made  in  the  apparatus  to  increase  the 
delicacy  of  determinations.  The  three  windows  of  the  sliding  diaphragm 
covering  the  slit  have  been  so  designed  that  comparison  spectra  slightly 
overlap,  thereby  enabling  the  observer  to  note  the  exact  superposition  of 
a  line  in  one  spectrum  upon  the  same  line  in  the  spectrum  above.  The 
collimating  lens  has  been  stopped  down  so  that  the  beam  of  light  is 
confined  to  a  vertical  opening  I'jy-g  in.  (28.6  mm.)  across.  Though  length- 
ening the  exposure  slightly,  this  device  corrects  the  tendency  of  the  spec- 
trum lines  to  feather  out  at  the  ends,  and  gives  perfect  definition. 

For  the  arc  spectra,  a  110-volt  direct-current  circuit  is  used  with  re- 
sistance to  give  4-5  amp.  Drawn  rods  of  pure  electrolytic  copper  are 
generally  employed  as  poles,  both  as  a  standard  for  comparison  and  for 
the  examination  of  residues.  Copper  has  many  advantages  over  carbon, 
especially  in  the  visible  portion  of  the  spectrum.  If  reference  lines  of 
greater  precision  are  needed,  iron,  palladium,  or  other  elements  may  be 
introduced  into  the  arc. 

Spark  spectra  are  obtained  by  using  a  j'^-kw.  transformer  (110  volts, 
60  cycles)  having  a  secondary  voltage  of  2000,  3000,  4000,  and  5000  on 
the  four  variations  of  power  respectively.  Two  3'^-kw.  glass-plate 
condensers  joined  in  multiple  give  approximately  0.06  microfarad  total 
capacity.  If  sufficient  self  induction^  is  placed  in  the  discharge  circuit, 
the  spectrum  of  the  air  lines  entirely  disappears.  Increasing  the  self 
induction  causes  lines  of  many  metalloids  to  disappear  successively  while 
lines  of  the  metals  remain.  About  one  hundred  turns  of  0.050-in.(1.27 
mm.)  insulated  copper  wire  around  a  2-in.  (51  mm.)  wooden  core  have 

»  Hemsalech:  Compt.  Rend.  (1899)  122,  285. 

A.  deGramont:  Recherches  sur  les  spectres  de  dissociation.  A7in.  de  Chim.  et  de 
Phys.  [8]  (Aug.,  1909)  17. 
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been  found  sufficient  to  eliminate  the  air  lines  when  using  the  transformer 
and  condensers  described. 

The  length  of  exposure  necessarily  varies  from  a  few  seconds,  in  the 
case  of  tin,  lead,  etc..  to  over  2  min.  when  dealing  with  those  elements 
having  a  higher  volatilizing  point.  In  general,  alloj'S  are  given  a  1-min. 
exposure  for  the  arc  and  2  min.  for  the  spark  spectra.  The  ordinary 
commercial  slow  plate  having  a  good  thin  emulsion  has  been  found  most 
satisfactory  for  use.  Lines  in  the  region  o200A-7000A  are  rarely  essen- 
tial for  the  investigation  of  alloys;  in  fact,  with  the  quartz  spectrograph, 
the  region  below  3300 A  has  been  of  the  greatest  value. 

For  reading  the  spectrum  plates  an  80-mm.  comparator  accurate 
to  0.001  mm.  is  employed.  With  the  Quartz  "D"  spectrograph,  the 
dispersion  in  the  extreme  ultra-violet  region  is  as  great  as  with  a  large 
grating  spectrograph.  For  instance,  between  wave  lengths  2100A- 
2130A.  there  are  21  mm.  on  the  plates;  or  in  other  words,  lA^  =  ^^  mm., 
approximately.  This  dispersion  will  allow  the  calculation  of  the  wave 
lengths  of  unknown  hnes  with  an  error  of  +0.01  A.  Toward  the  region  of 
longer  wave  lengths,  determinations  are  correspondingly  less  accurate. 

An  index  of  arc  and  spark  Hnes  has  been  compiled  using  the  inter- 
national standards  as  a  basis.  This  index  consists  of  all  the  iron  lines 
given  in  the  Bureau  of  Standards  Scientific  Papers  251  and  274,  as  well 
as  all  the  copper  lines,  and  finally  the  more  important  lines  of  the  remain- 
ing elements,  especially  the  "raies  ultimes"^  of  M.  A.  deGramont. 
This  index  of  wave  lengths,  with  their  corresponding  comparator  reading, 
is  typed  on  the  back  of  cross-section  paper  having  twenty  hnes  to  the 
inch,  so  that  when  the  sheets  are  assembled  into  a  book,  a  curve  of  the 
wave  lengths  can  be  made  on  the  cross-section  surface  opposite.  By 
selecting  standard  settings,  both  on  the  spectrograph  and  on  the  com- 
parator, and  by  using  certain  copper  lines  as  a  basis  for  zero  readings,  the 
examination  of  a  spectrum  plate  becomes  a  matter  of  routine.  The 
accuracy  is  such,  however,  that  the  wave  lengths  of  unindexed  lines  may 
be  quickly  determined  from  the  plot  without  calculation. 

Qualitative  determinations  by  means  of  the  spectrograph  quickly 
build  up  a  certain  amount  of  data  that  are  of  value  in  a  quantitative 
way;  this  is  especially  true  when  the  percentage  of  the  element  is  very 
small.  But,  although  several  writers  have  told  of  success  along  definite 
lines  and  under  constant  conditions  of  exposure,  the  accumulation  of 
general  quantitative  data  on  the  spectra  of  elements  would  be  a  compli- 
cated undertaking,  requiring  the  careful  study  of  every  element  in  its 
relation  to  every  alloy  or  compound  in  which  it  might  be  present.  Each 
operator  must  work  out  his  individual  problems  with  the  instrument 
and  accessories  at  his  command.     Experience,  however,  does  bring  to 

2  Angstrom  units  =  wave  lengths  expressed  in  ten-million ths  of  a  millimeter. 
>Compt.  Rend.  (Dec,  1920)  171,  1106. 
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one  an  increasingly  clearer  idea  of  the  percentage  of  each  element  present 
in  an  unknown,  especially  when  all  conditions  of  exposure  are  kept  as 
constant  as  possible. 

In  the  accompanying  plates  several  spectrograms  are  given  showing 
the  dispersion  and  quality  of  the  lines  and  instances  of  the  general  useful- 
ness of  the  large  quartz  spectrograph.  Here  can  be  seen  well  illustrated 
the  value  of  the  spectrographic  plate  record  as  opposed  to  visual  spectro- 
scopic readings.  The  ultra-violet  field  is  the  one  of  greatest  interest,  for 
below  3300A  are  found  most  of  the  "raies  ultimes,"  or  most  persistent 
of  the  spectrum  lines  of  an  element.  Here,  also,  the  carbon  arc,  when  its 
use  is  necessary,  is  free  from  bands  which  obscure  part  of  the  visible 
spectrum.  In  the  ultra-violet  field,  the  dispersion  is  so  great  that 
wave  lengths  in  the  prismatic  spectrum  may  be  determined  accurately. 
Perhaps  the  greatest  advantage  of  a  spectrograph,  however,  is  that  of  the 
permanent  record  which  may  be  made  by  a  laboratory  assistant  and 
checked  at  any  future  time  by  any  trained  observer. 

This  article  is  but  a  summary  of  a  few  instances  where  spectrum 
anal3'sis  has  proved  its  value.  It  is  intended  to  show  ease,  accuracy,  and 
rapidity  of  accomplishment  in  one  field  only — that  of  metallurgy;  to 
give  testimony  also  to  the  inspiration  received  from  those  who  laid  the 
foundation  of  the  science,  and  to  those  who,  Hke  M.  A.  deGramont,  have 
written  freely  of  their  work  especially  along  industrial  lines.  To  Prof. 
H.  S.  Uhler,  of  Yale  University,  we  wish  to  express  our  appreciation  of 
the  design  of  the  sliding  diaphragm  giving  overlapping  comparison 
spectra,  and  of  his  many  helpful  suggestions. 

DISCUSSION 

C.  S.  Brainin,  New  York,  N.  Y. — The  author  states  that  some  work 
has  been  done  in  quantitative  analysis.  That  is  an  important  new 
problem  that  the  spectro-chemist  is  attempting  to  solve;  can  he  give 
some  of  the  information  he  has  gained  on  that  point? 

C.  H.  Davis. — ^Inasmuch  as  most  of  our  work  has  been  done  directly 
with  the  chemists,  we  have  not  gone  extensively  into  work  along  quanti- 
tative fines.  Messrs.  Hill  and  Luckey  have  published  papers^  upon 
quantitative  work,  and  more  are  to  be  published,  I  understand,  by  others. 
Our  own  work  along  quantitative  fines  has  been  very  limited.  From 
experience  gained  in  reading  several  hundred  plates,  we  estimate 
the  approximate  amount  of  each  element,  and  in  that  way  give  the 
chemist  an  accurate  idea  of  how  to  proceed  with  his  analysis. 

W.  H.  Bassett. — The  spectroscope  is  used  in  connection  with  the 
quantitative  analysis  of  the  metals.     For  instance,  in  the  complete  analy- 


Spectroscopic  Determination  of  Lead  in  Copper.     Trans.  (1919)  60,  342. 


668  SPECTRUM    ANALYSIS    IX    AX    IXDUSTRIAL    L.\BORATORY 

sis  of  lefinecl  cuiiixr.  the  precipitate  of  a  very  small  amount  of  impurity 
that  has  been  obtained  from  a  relatively  very  large  amount  of  copper  may 
be  of  questionable  purity;  the  spectrograph  will  quickly  and  accurately 
answer  the  question.  For  a  long  time  there  was  a  controversy^  as  to 
whether  lake  copper  contained  antimony;  we  knew  that  electroh'tic 
copper  carried  a  few  thousandths  of  a  per  cent.  By  the  spectrograph  we 
proved  that  the  precipitates  obtained  from  lake  copper  were  actually 
antimony  precipitates.  Also,  the  spectroscope  can  be  used  as  a  method  of 
qualitative  analysis,  with  some  idea  of  the  amounts  present,  so  that  the 
anah'st  may  go  ahead  without  any  question  as  to  what  he  is  to  find  and 
with  a  rough  idea  as  to  the  proportions  present. 

George  K.  Burgess,*  Washington,  D.  C. — ]Much  work  of  this  kind, 
along  various  lines,  has  been  done  at  the  Bureau  of  Standards.  One 
case,  the  examination  of  tin  for  boiler  plugs  for  the  Steamboat  Inspec- 
tion Service,^  was  quite  an  onerous  job  for  the  chemist;  the  spectroscope 
gave  satisfactory  results.  The  method  of  determining  the  existence  of  a 
small  quantity  of  an  impurity  is  based  on  a  method  of  constructing 
comparison  standards;  that  is,  a  series  of  alloys  of  known  compositions 
is  made,  then,  when  an  unknown  metal  is  examined  spectroscopically, 
by  a  determination  of  the  intensitj'  and  number  of  the  lines,  it  is  possible 
to  get  a  good  estimate  of  the  quantity  of  the  added  element,  if  it  is  not 
in  too  great  excess. 

In  the  work  the  Bureau  is  doing  on  the  platinum  metals,  the  spectro- 
scopic method  is  used  as  an  auxiharj'  for  the  determination  of  the  purity 
of  a  metal.  Analyticalh',  it  is  extremely  difficult  to  separate  certain  of 
these  elements,  so  two  auxiliary  physical  methods  of  analj'sis  have  been 
used — the  thermoelectric  and  the  spectroscopic  method.  After  having 
made  up  certain  standard  alloys,  it  is  possible  to  obtain  the  exact  analysis 
of  an  alloy,  b}"  a  comparison  of  spectra.  For  a  pure  metal  Hke  platinum, 
the  chemist  makes  an  analytical  determination,  the  thermoelectric  test 
gives  him  a  better  idea  as  to  how  well  he  has  done  in  his  purification,  and 
then  the  spectroscopist  can  give  him  an  analysis  of  the  final  impurities 
and,  in  the  limiting  case,  certainty  of  their  elimination.  It  has  been 
possible,  for  example,  to  check  out  the  purest  gold  that  has  ever  been 
made  by  the  jNIint  through  the  use  of  this  method,  namely,  99.9999 
per  cent.  gold. 

George  K.  Elliott,!  Cincinnati,  Ohio. — Has  this  method  been 
definitely  appHed  in  the  determination  of  very  small  quantities  of  alumi- 

*  Chief  Division  of  Metallurgy  Bureau  of  Standards. 
t  Chief  Chemist  and  Metallurgist,  The  Lunkenheimer  Co. 

*L.  J.  Gurevich  and  J.  S.  Hromatko:  Tin  Fusible  Boiler-plug  Manufacture  and 
Testing.     Trans.  (1920)  64,  227. 
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num — a  few  hundredths  of  a  per  cent.- — in  bronzes?  The  complete 
absence  of  ahiminura  is  important  in  the  manufacture  of  bronze  castings 
that  must  withstand  hquid  or  gas  pressure  tests  because  only  a  few 
hundredths  of  a  per  cent,  of  aluminum  is  enough  to  make  the  number  of 
rejections  due  to  leakage  extremely  high.  If  the  spectroscope  is  a  ready 
and  sure  means  of  determining  small  percentages  of  aluminum,  it  will  be 
most  valuable  to  these  manufacturers. 

Leonard  Waldo,*  New  York,  N.  Y. — We  have  used  the  metallurgical 
spectroscope  for  a  number  of  j^ears,  and  have  found  it  an  exceedingly 
simple  and  quick  shop  method  of  detecting  zinc,  aluminum,  and  magne- 
sium. All  the  work  referred  to  so  far,  as  far  as  I  know,  could  have  been 
equally  well  done  for  manufacturing  purposes  with  the  flint-glass  prism 
apparatus,  or  two  prisms  could  be  used.  The  main  thing  is  the  observing 
telescope  must  be  long  enough  to  give  easy  vision. 

The  deflagrating  apparatus  for  metals  should  receive  careful  attention; 
an  efficient  arrangement  is  a  storage  cell  of  three  elements  with  a  10-in. 
Richie  induction  coil.  The  Hilger  spectrograph  is  a  luxury  except  for 
precision  work;  in  most  cases  it  is  not  necessary  to  photograph  the 
spectrum.  By  using  a  good  micrometer  scale  moved  by  a  micrometer 
screw  at  the  end  of  the  scale  image  forming  telescope  excellent  results, 
for  metallurgical  purposes,  can  be  obtained  quickly  and  easily. 

Keivin  Burns,  Pittsburgh,  Pa.  (written  discussion). — The  subject  of 
quantitative  analysis  has  recently  been  advanced  by  deGramont  and 
others,  and  I  think  its  possibilities  are  not  yet  fully  realized.  While  the 
number  of  standard  samples  necessary  to  cover  the  whole  field  of  spectro- 
scopic analysis  is  beyond  number,  for  a  particular  case  a  single  sample 
may  suffice,  or  two  samples  analogous  to  "go"  and  "no  go"  gages. 
When  dealing  with  small  quantities  of  an  impurity,  one  pair  or  set  of 
standard  samples  may  frequently  be  sufficient  for  the  determination  of  a 
large  number  of  elements,  as  for  instance,  iron,  copper,  zinc,  lead,  etc., 
in  boiler-plug  tin. 


*  Consulting  Engineer. 
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Testing  Artillery  Cartridge  Cases* 

By  J.  Burns  Read,!  Golden,  Colo.,  and  S.  Tour, f  Bkooklyx,  X.  Y. 

(New  York  Meeting,  February,  1921) 

It  IS  the  purpose  of  this  paper  to  summarize,  as  far  as  possible,  the 
metallurgical  information  and  experience  gained  by  the  Ordnance 
Department,  during  the  war,  in  the  manufacture  of  artillery  cartridge 
cases,  to  describe  the  tests  to  which  artillery  cartridge  cases  were  put, 
and  to  summarize  the  knowledge  and  experience  gained  in  this  testing. 
The  authors  wish  to  acknowledge  the  aid  given  by  manufacturers,  army 
officers,  and  civilian  employees  of  the  Ordnance  Department  in  obtaining 
these  data. 

Artillery  cartridge  cases  are  cold  drawn  from  circular  disks  punched 
from  strips  of  rolled  brass.  The  manufacture  involves  from  25  to  30 
main  operations,  which  are  done  almost  entirelj^  on  a  punch  press. 
Descriptions  of  the  operations  have  appeared  in  various  periodicals  and, 
therefore,  will  not  be  given  here. 

After  each  cupping,  or  drawing,  operation,  except  the  last,  the  cases 
are  annealed  at  from  540°  to  650°  C.  (1000°  to  1200° F.),  to  remove 
all  the  hardening  stresses  set  up  in  the  metal  and  to  allow  complete 
reciystallization.  After  each  annealing,  the  cases  are  pickled  in  niter 
cake  or  sulfuric-acid  solution  and  then  washed  in  water  to  remove  all 
traces  of  acid.  In  some  instances,  the  cases  are  then  immersed  in  a 
cyanide-salt  solution,  and  afterwards  rinsed  in  water,  to  remove  the  thin 
layer  of  copper  that  forms  on  the  surface  of  the  cases  during  the 
acid  pickle. 

The  last  cold-drawing  operation  is  followed  by  the  heading  operation 
which,  by  flattening  the  head  of  the  case  on  the  outside,  causes  the 
metal  to  flow  on  the  inside  to  approximately  the  proper  finished  dimen- 
sions. The  mouth,  or  open  end,  is  then  annealed  at  430°  to  480°  C. 
(800°  to  900°  F.)  by  immersion  in  a  salt  bath  or  by  gas  flames.  After 
being  washed,  the  cases  are  tapered,  when  they  are  ready  for  machining, 
inspection,  and  testing. 

Cartridge-case  Disks 

Good  disks  of  proper  composition  and  physical  properties  are  essential 
to  the  production  of  good  cartridge  cases.     The  Ordnance  Department 

*  Published  by  permission  of  Chief  of  Ordnance,  War  Department. 

t  Asst.    Mgr.,    Research   Dept.,    Metals   Exploration   Co.;    formerly   Captain, 

Ordnance  Dept.,  U.  S.  A. 
f  Metallurgist,    Doehler    Die    Casting  Co.;    formerly    Ordnance    Department, 

U.  S.  Army. 
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has  specified  the  following  chemical  composition:  copper,  68  to  71  per 
cent,  and  zinc,  29  to  32  per  cent.  It  requests  that  copper  plus  zinc, 
minimum,  shall  be  99.88  per  cent.;  lead,  maximum,  0.07  per  cent.; 
iron,  maximum,  0.05  per  cent.;  tin,   antimony,  bismuth,  cadmium,   or 
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Fig.    1. — Comparative   TEX.siLE-biKEXOTH    tests    op   typical   75-.mm.    cartridge 

CASES  FROM   DIFFERENT  MANUFACTURERS. 


arsenic,  none  or  only  a  trace.  The  materials  used  are  prime  lake  or 
best  electrolytic  copper  and  grade  A  zinc. 

The  specifications  do  not  give  physical  properties  but  suggest  that 
"an  average  of  ten  readings  should  be  between  50  and  65  Brinell  and  no 
individual  test  should  be  below  49  or  above  69." 

The  limits  of  49  to  69  Brinell  with  the  average  between  50  and  65 
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cover  nearh'  all  the  disks  manufactured  into  cartridge  cases  during  the 
emergency.  Some  manufacturers  preferred  the  higher  and  some  the 
lower  Brinell  limits,  depending  largely  on  their  equipment  and  tools, 
for  a  disk  ma}^  be  too  soft  to  be  workable  by  one  set  of  tools  though  it 
may  be  satisfactorily  worked  by  another.     A  very  soft  or  a  very  hard 
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Fig.  2. — Structure  and  tensile  strength  of  7o-mm.  case  as  made  by 

MANUFACTURER  Xo.  8. 


disk  has  a  tendency'  to  punch  through  instead  of  cupping.  The  harder 
the  disk,  the  greater  is  the  stress  on  the  press  forming  it  into  a  cup,  but  it 
is  generally  believed  that  the  harder  disk  will  form  a  better  case  than  the 
softer  disk.  Whether  this  is  true  will  depend  on  the  conditions  of  working 
and  annealing  in  the  process  of  manufacture.     If  these  conditions  are 


J.   BURNS    READ    AND    S.    TOUR 


673 


properly  controlled,  very  soft  and  very  hard  disks  will  form  equally 
good  cases. 

Fig.   31  shows  the  results  obtained  from  42.5  and  71  Brinell  disks. 
This  difference  was  obtained  by  annealing  disks  at  500°  G.  (930°  F.)  and 
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Fig.  3. — Structure  and  tensile  strength  of  75-mm.  case  as 

MADE   BY   manufacturer   No.  7. 

750°  C.  (1260°  F.)  for  70  min.  The  grain  size  shown  is  typical  of  this 
anneal.  These  disks  were  manufactured  into  cartridge  cases  by  the 
same  processes  and  under  identical  conditions  of  work  and  annealing 
and  it  will  be  noted  that  the  results  are  practically  the  same  in  spite  of 
the  fact  that  the  disks  were  beyond  the  extreme  limits  of  hardness.  It 
is  not  contended  that  the  cases  are  ideal,  but  they  represent  the  prod- 

VOL.    LXVIII. 43 
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uct  manufactured  at  the  time  this  test  was  made.     If  this  test  were 
apphed  to  present  practice  the  results  would  be  identical. 

The  limit  of  hardness  on  the  upper  side  of  these  Brinell  limits  is 
dependent  on  the  press  capacity  and  a  sufficient  anneal  to  permit  cupping; 


Fig.  4. 


-Structure  and  tensile  strength  of  75-mm.  case  as 

MADE  BY  manufacturer  No.   1. 


the  limit  on  the  lower  side  is  dependent  on  the  anneal,  which  will  deterior- 
ate or  volatilize  some  of  the  metal  or  allow  penetration  because  of  tool 
design.  The  coarse  crystallization  caused  by  too  high  an  anneal  will 
result  in  a  grainy,  or  orange-peel,  surface.  Such  a  condition  on  the 
finished  case  may  be  due  to  too  high  an  anneal  between  draws. 

Approximately,  the  Brinell  hardness  and  grain  size  that  should  result 
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from  annealing  at  various  temperatures  for  3-^  hr.  after  35.1  per  cent, 
reduction  are:^ 


Annealing 

Tempekatche, 

Degrees  C. 

450 

Brinell 
Hardness 

75 

G 
M 

rain  Size, 
illimeters 

0.020 

Annealing 

Temperature, 

Degrees  C. 

650 

Brineli, 
Hardness 

55 

Grain  Size, 
Millimeters 

0.062 

500 

70 

0.023 

700 

50 

0.110 

550 

65 

0.033 

750 

46 

0.197 

600 

61 

0.044 

800 

43 

0.300 

Specifications  for  and  Instructions  on  Tests 

The  testing  of  cartridge  cases  for  acceptance  may  be  divided  into  five 
sections:  Chemical  analysis,  determination  of  tensile  strength  and 
percentage  of  elongation,  microscopic  and  macroscopic  examination, 
mercuric-chloride  test,  and  ballistic  or  proof  test.  The  testing  by  chemi- 
cal analysis  will  not  be  discussed  here. 

During  the  recent  emergency,  the  metallurgists  of  the  Ordnance 
Department  based  their  work  on  artillery  cartridge  cases  on  the  idea  that 
starting  with  a  disk  made  of  high-grade  cartridge  brass  that  had  passed  a 
thorough  visual  inspection,  with  a  well-ordered  shop  practice  covering 
thorough  control  of  annealing  and  amount  of  draft,  the  finished  case  is 
bound  to  meet  all  requirements  specified  by  laboratory  tests  and  gun- 
proof,  in  so  far  as  the  material  is  concerned. 

Up  to  the  time  the  United  States  entered  the  war,  little  attention  had 
been  given  to  the  metal  quality  of  cartridge  cases.  Specifications 
mentioned  metal  conditions  and  placed  no  limits  other  than  chemical. 
Little  systematic  consideration  had  been  given  to  the  possibilities  of 
control  of  the  final  product  by  the  control  of  manufacturing  processes. 
Because  of  many  changes  resulting  from  quantity  manufacture  and 
an  increased  knowledge  of  the  requirements  of  cartridge  cases,  it  was 
necessary  to  revise  these  specifications.  The  revision  requires  photo- 
micrographs if  the  microscopic  examination  continues  to  reveal  an 
unsatisfactory  condition  of  the  crystallized  structure  in  several  lots. 
This  would  indicate  that  photomicrographs,  when  the  metal  is  good, 
were  not  to  be  taken. 

The  revision  also  provides  for  tensile  and  mercuric-corrosion  tests 
"merely  for  the  guidance  and  general  information  for  the  manufacture, 
and  no  lots  will  be  rejected  if  cases  fail  to  pass  these  tests."  It  retains 
the  requirements  of  the  previous  specifications  as  to  ballistic  tests 
and  storage. 

In  order  to  provide  for  the  proper  application  of  these  general  specifi- 
cations, from  time  to  time  instructions  were  issued  to  inspectors  directing, 
in  detail,  methods  of  inspection  and  test. 

1  W.  H.  Bassett  and  C  H.  Davis:  A  Comparison  of  Grain  Size  and  Brinell  Ha,rd- 
ness  of  Cartridge  Brass.     Trans.  (1919)  60,  428, 
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One  of  the  first  instructions  directed  that  microscopic  examinations 
include  the  making  of  photomicrographs.  These  instructions  required 
that  photomicrographs  of  six  sections  be  made  from  each  of  five  cases 
taken  at  random  from  every  lot.     It  was  then  thought  that  the  photq- 


FiG.  5. — Structure  and  tensile  strength  of  75-mm.  case  as 

MADE  BY  manufacturer  No.  12. 


micrographs  would  furnish  sufficient  information  for  proper  control 
of  the  inspection.  This  did  not  prove  to  be  the  case  because  of  the 
many  variables  in  worked  brass  that  has  not  been  annealed.  Inexperi- 
enced personnel,  varying  processes  of  manufacture,  and  varj'ing  laboratory 
methods  added  to  these  variables  and  the  photomicrographs  did  not 
reveal  the  quality  of  the  case  which  they  represented. 
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Later  instructions  provided  optional  mctiiods  of  testing  each  lot  as 
follows:  ]\Iercuric  test  of  one  case  and  microscopic  examination  and 
photomicrographs  of  this  case  and  five  others,  six  in  all  being  required; 
or,  tensile-strength  and  elongation  tests  of  two  cases,  mercuric  test  of 
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Fig.  G. — Stkuctuke  and  tensile  strength  of  75-m.m.  case  as 
made  by  manufacturer  no.  13. 

one  case,  microscopic  examinations  and  photomicrographs  of  one  case, 
four  cases  in  all  being  required. 

Samples  of  the  product  of  several  contractors  were  sent  to  the  Bureau 
of  Standards  for  mercuric-test  stud}-  and  tensile-strength  tests;  the  results 
showed  that  these  tests  were  a  proper  means  of  inspection. 

Under  either  method  of  testing,  a  failure  of  a  case  to  stand  the  mer- 
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curie  test  and  retest  constituted  a  rejection  of  the  lot  it  represented.  At 
first  most,  and  later  all,  of  the  contractors  adopted  the  second  method  of 
testing.  Final  acceptance  or  rejection,  of  course,  is  based  on  the  results 
of  the  ballistic  test. 
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Fig.  7. — Structure  and  tensile  strength  of  75-mm.  case  as 
made  by  manufacturer  no.  9. 

Tensile-strexgth  Tests  and  Microscopic  Examinations 

The  physical  and  microscopic  properties  of  the  metal  of  cartridge 
cases  are  largely  dependent  on  the  combined  control  of  the  various 
annealings  and  redraws,  particularly  the  last.  As  shown  elsewhere,  an 
increase  in  the  amount  of  work  done  on  the  metal  in  any  step  reduces 
the  temperature  at  which  the  anneal  of  that  metal  will  take  place,  and 
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vice  versa;  therefore,  as  the  work  affects  the  results  of  the  anneal,  the 
anneal  affects  the  results  of  the  work  and  both  affect  the  physical  prop- 
erties.    It  is  essential  that  these  be  considered  together. 

Specimens    for  tensile-strength  tests  were  taken  from  the  various 


Fig.  8. 


-Structure  and  tensile  strength  op  75-mm.  case  as 

MADE  BY  manufacturer  No.  5. 


sizes  of  cases,  as  indicated  in  Figs.  12,  17,  23,  25,  26,  27,  28,  and  39. 
Tensile-strength  and  elongation  tests  were  determined  on  each  piece. 
These  methods  of  taking  tests  and  the  size  of  the  test  pieces  proved  very 
satisfactory  with  the  exception  of  the  E  piece,  the  location  of  which  is 
such  that  the  elongation  of  one  side  varies  from  that  of  the  other  so  that 
the  results  are  not  indicative  of  either  the  metal  at  the  center  of  the  head 
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or  at  the  primer  hole.  This  is  (hie  to  the  method  of  manufacture,  which 
works  the  metal  around  the  primer  hole  more  than  the  remainder  of 
the  head. 

Recent  instructions  on  the  testing  of  cartridge  cases  provide  for  the 
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Fig.  9. — Structure  and  tensile  strength  of  75-.aim.  case  as 
made  by  manufacturer  no.  17. 


making  of  an  additional  test,  if  desired,  as  shown  in  Fig.  37.  This  test 
would  furnish  definite  information  as  to  the  ability  of  the  primer  hole  to 
resist  expansion  in  firing,  and  would,  therefore,  be  more  dependable 
than  the  test  now  in  use.  The  objection  to  this  test  is  that  the  micro- 
scopic examination  of  the  primer  could  not  be  made  on  the  case  used  for 
physical  tests,  unless  this  examination  were  made  on  the  physical-test 
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piece  before  pulling.  It  is  believed,  however,  that  such  a  test  will  give 
more  consistent  results,  will  tell  more  than  the  photomicrograph,  and, 
as  it  can  be  applied  to  the  small  sizes  (37-mm.  and  1.457-in.),  that  it 
should  be  adopted  in  place  of  the  now  prescribed  E  tensile-strength 
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Fig.  10. — Structure  and  tensile  strength  of  75-mm.  case  as 

MADE  BY  manufacturer  No.  4. 

test.  In  the  larger  cases,  the  present  head  tensile-strength  test  should  also 
be  made.  As  this  primer-hole  test  has  not  heretofore  been  made,  no 
definite  statements  can  be  made  as  to  what  results  should  be  obtained. 
They  should,  however,  be  slightly  in  excess  of  the  results  obtained  from 
the  present  E  section,  as  the  primer-hole  hardness  should  increase  the 
strength  of  this  section  over  the  other.     For  all  cases  3  in.  and  smaller, 
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this  strength  would  probably  be  65,000  lb.  and  for  larger  cases  60,000 
lb.  or  more. 

The  tensile-strength  limits  for  cartridge  cases  stated  in  the  instruc- 
tions to  inspectors  were  as  follows: 


Tensile-strength  Limits,  in  Pounds  per  Square  Inch 


Type  of  Case 


37-mm.  cartridge  case 1  45,000  to  '  Over 

1.457-in.   gun   and   howitzer  subcaliber  [  55,000  60,000 

cartridge  case J  , 

75-mm.  cartridge  case 1   ;  40,000  to  45,000  to  j   65,000  to 

3-in.  15-pdr.  cartridge  case /  60,000  65,000         |   85,000 

4.7-in.  gun  cartridge  case 40,000  to  45,000  to   |    65,000  to 

60,000  65,000  85,000 


All  other  howitzer  and  trench  mortar  cases     40,000  to 

'   60,000 


Over 
60,000 


Over 

60,000 

65,000  to 

Over 

85,000 

65,000 

65,000  to 

Over 

85,000 

55,000 

Over 

53,000 

The  requirements  as  to  microstructure  were  as  follows : 

The  photomicrographs  should  show  a  well-defined  recrystallization  at  the  Ai 
section.  The  Bi  section  should  preferably  show  recrystallization,  but  if  recrystalliza- 
tion has  begun,  this  is  satisfactory.  The  Ci  section  should  show  a  good  hard  metal 
structure.  The  Di  and  Ei  sections  should  show  well-worked  metal,  especially  on  the 
primer  hole. 

The  control  of  the  manufacture  and  the  acceptance  of  cartridge  cases 
by  tensile-strength  and  microscopic  tests  have  been  quite  satisfactory 
and  the  experience  indicates  the  correct  limits.  It  might  be  possible, 
however,  to  develop  equipment  for  determining  hardness  instead  of 
tensile  strength  and  to  make  such  determinations  without  destroying 
the  case.  The  ''Baby"  Brinell  machine  developed  by  the  Ordnance 
Department  can  possibly  be  adapted  to  this  purpose.  Impressions  made 
by  this  machine  are  small  and  would  not  affect  the  properties  of  the 
case  or  its  proper  functioning.  Microscopic  examination  could  be  made 
of  this  case  without  cutting  into  sections.  Such  a  method  of  testing 
would  also  permit  a  greater  number  of  cases  to  be  tested  with  less  work, 
and  thus  make  the  sample  more  accurate  and  complete. 

The  physical  requirements  listed  above  were  determined  by  testing  a 
large  number  of  cases,  manufactured  by  various  concerns,  that  functioned 
properly  in  ballistic  tests  and  indicated  that  they  possessed  the  proper 
requirements  for  long  life  and  a  sufficient  factor  of  safety. 

The  Ordnance  Department  required  that  elongation  tests  be  made 
and  recorded  whenever  tensile-strength  tests  were  made,  although  no 
limits  were  set.  The  elongation  test  usually  adds  to  the  information 
furnished  by  the  tensile-strength  test  but  it  is  not  believed  to  be  of 
sufficient  importance  to  warrant  its  use  as  an  inspection  test.  Fig.  42 
shows  the  results  of  elongation  tests  corresponding  to  the  tensile-strength 
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tests  recorded  in  Figs.  1  and  18.  Nothing  is  shown  here  that  would  not  be 
expected  from  the  tensile-strength  tests.  Microscopic  examination  and 
mercm-ic  tests  will  furnish  additional  information. 

A  number  of  articles  have  been  published  on  the  physical  properties 


*         ^        ^  ^' 


Fig.  11. ^Structure  and  tensile  strength  of  75-mm.  case  as 
made  by  manufacturer  no.  2. 


of  alpha  brass;  two  of  these-  are  particularly  applicable  to  the  manufac- 
ture of  cartridge  cases.     The  photomicrographs  of  Bassett  and  Davis 


^  Bassett  and  Davis :  Op.  cit. 
C.  H.  Mathewson  and  A.  Phillips:  Recrystallization  of  Cold-worked  Alpha  Brass 
on  Annealing.     Trans.  (1916)  54,  608 
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.show  the  metal  condition  resulting  from  variations  in  annealing  and 
should  be  carefully  studied. 

During    each  annealing  between  redraws,   the  metal  will  become 
completely  recrystallized  and,  if  annealed  as  specified   (not  to  exceed 


■ ';    '.    :\<u-  te 

t 

tLu.iu,     test   viecet; 

trength 
T,'',,3,    indicate   location 
'    Itr  eSa-nination  and   photo- 
a.Tj'.cnsc   of  annular   rings   at 
0  I  omlcroffxapka  anfl   i,-,=;oronr!iii 

'^rves   as 


Fig.  12. — Method  of  taking  tests  of  7o-mm.  cartridge  cases. 


650°  C),  the  grain  size  should  be  0.070  to  0.080  mm.  in  diameter.  If, 
however,  the  time  is  too  long  or  the  temperature  higher  than  650°  C. 
(1200°  F.),  larger  grains  will  result.  If  the  tools  were  so  designed  that 
no  work  or  very  little  was  done  on,  say,  the  head  during  a  redraw,  that 
portion  would  not  recrystallize  and  the  grains  would  continue  to  grow. 
This  will  mean  a  lower  tensile  strength  and  will  affect  the  grain  size 
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from  the  next  working  and  annealing.  The  rate  of  heating  will  also 
affect  the  grain  size.  Jeffries^  finds  that  the  faster  the  heating  rate  the 
smaller  is  the  grain  size  for  any  temperature,  and  the  slower  the  heating 
rate  the   greater  is  the   grain   size.     These  account  for  variations   in 
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Fig.  13. — Tensile  strength  or  3-in.,  15-pdr.,  antiaircraft  cases, 

AS  MADE  BY  MANUFACTURERS  NoS.  3,  6,  and  11. 

the   cases  of  different  manufacturers  illustrated  in  the  accompanjang 
photomicrographs. 

For  example,  the  photomicrographs  and  the  tensile-strength  results 
of  sections  E]_  and  E,  in  Figs.  8  and  9,  which  represent  the  heads  of 

3  Discussion  of  paper  on  Recrystallization  of  Cold-worked  Alpha  Brass  on  An- 
nealing.    Tram.  (1916)   54,   660. 
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cases  by  two  manufacturers,  show  a  difference  in  grain  size  and  the 
tensile  strength  of  the  section  with  the  smaller  grain  is  76,500  lb.  per 
sq.  in.  and  of  the  other  68,500  lb.  per  sq.  in.  It  is  likely  that  the  metal  of 
section  Di,  Fig.  8,  is  the  result  of  recrystallization  from  annealing  after 


Fig.  14. — Structure  and  tensile  strength  of  3-in.,  15-pdr.,  case  as 
made  by  manufacturer  no.  3. 


considerable  working.  If  this  working  amounted  to  35  per  cent,  reduc- 
tion, the  condition  shown  would  have  resulted  from  a  600°  C. 
(1110°  F.)  annealing  for  }2  hr.  If,  instead,  a  veiy  slight  or  no  reduction 
had  taken  place,  the  grains  would  have  continued  to  grow,  instead  of 
recrystallizing,  in  the  annealing  and  woultl  liave  pi-oduced  the  result 
shown  in  Di,  Fig.  9.     Further,  if  a  temperature  of  700°  0.  (1290°  F.)  were 
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used  in  the  annealing  of  metal  after  reducing  it  39  per  cent.,  the  condi- 
tion of  section  Di,  Fig.  9,  would  be  expected.  It  is,  therefore,  evident 
that  the  grain  size,  tensile  strength,  and  hardness  are  dependent  on  the 
amount  of  reduction  previous  to  the  annealing,  the  temperature  of  the 
annealing,  and  the  grain  size  from  the  previous  anneal. 


Fig.  15. — Structure  and  tensile  strength  of  3-in.,  15-pdr.,  case  as 

MADE  BY  manufacturer  No.   11. 

If  a  portion  of  a  cartridge  case  is  worked  to  any  extent,  that  portion 
will  recrystallize  in  annealing  at  650°  C.  (1200°  F.)  for  ^i  hr.  or  more, 
and  the  resultant  grain  size  will  be  approximately  the  same  for  all  degrees 
of  working.  If  slight  or  no  working  had  taken  place,  recrystallization 
in  the  650°  C'.  (1200°  F.)  annealing  would  not  occur  and  an  .increase  in 
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the  original  grain  size  might  be  expected.  Mathewson  and  Phillips^ 
state:  "In  order  that  the  annealing  effect  may  be  felt  at  a  given  tempera- 
ture, it  is  clear  that  the  mechanical  destruction  of  the  original  grain  must 
have  been  sufficiently  pronounced  to  produce  fragments  inferior  in 
size    to   the  recrystallized   grain   characteristic   of  this  temperature." 


Fig.  16. — Structi  i;i,  am.  ii.n-ile  strength  of  3-ix.,  1o-pdr.,  c.\se  as 

.MADE  Bl    MANUFACTURER    Xo.   G. 

A  low-temperature  treatment,  less  than  200°  C.  (390°  F.)  of  heavily 
worked  unannealed  brass,  produces  a  distinct  hardening.  Bassett  and 
Davis^  found  that  heat-treating  brass  that  had  been  reduced  39  per 

*  Mathewson  and  Phillips :  Op.  cit. 

*  Bassett  and  Davis :  Op.  cit. 
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cent,  in  working,  to  200°  C,  (390°  F.)  increased  the  Brinell  hardness 
from  146  to  154.  Similar  results  are  shown  in  Figs.  29  and  30,  which 
illustrate  the  results  from  mouth  annealing  in  a  nitrate  bath  at  various 
temperatures;  the  difference  in  the  heat  conducted  from  the  bath  to  the 
metal  6  in.  from  the  mouth  of  the  case  was  sufficient  to  produce  a  distinct 


{W'^liSi  iiHT]?fiflwfW*^ 


Fig.  17. — Method  of'taking  te.sts  of  3-in.,  15-pdr.,  antiaircraft  cases. 


increase  in  tensile  strength  in  those  subjected  to  a  temperature  of  450°  C 
(850°  F.)  over  those  subjected  to  425°  C.  (800°  F.). 

The  effect  of  differences  in  annealing  temperature  of  the  metal  at  the 
mouth  is  also  shown  in  Figs.  29  and  30.  A  temperature  of  425°  C. 
(800°  F.)  was  not  sufficient  to  complete  the  annealing  and  only  partial 
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recrystallization  resulted,  while  480°  C.  (900°  F.)  produced  nearly  complete 
recrystallization  and  what  is  now  considered  an  ideal  condition  for  the  A 
and  B  sections. 

The  effect  of  working  and  annealing  is  further  shown  in  Figs.  32  to 
35.     First,  these  show  that  variations  in  the  amount  of  working  produced 


Fig.  is. — Tensile  strengths  of  4.7-in.  gun  cartridge  cases  as  made  by 
manufacturers  nos.  2,  8,  15,  and  18. 

a  very  beneficial  difference  in  the  C  section;  in  the  case  of  less  working 
the  tensile  strength  was  not  forced  as  high,  while  in  the  case  of  greater 
working  the  tensile  strength  was  probably  increased  and  then  reduced  by 
the  greater  susceptibility  to  anneal  because  of  this  work,  though  this 
cannot  be  detected  in  the  photomicrograph.  Second,  the  variation  in 
the  mouth  anneal  shows  that  at  a  temperature  of  460°  C.  (860°  F.),the  metal 
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that  had  been  reduced  0.012  in.  showed  crystaUization  almost  complete  in 
the  A  section  and  just  starting  in  section  1.  At  a  temperature  50° 
higher,  much  less  recrystallization  is  apparent  on  the  less  worked  metal 
and  is  not  seen  at  all  in  section  1.  Finally,  when  the  work  was  increased, 
recrystaUization  was  complete  in  section  A  and  well  started  in  section  2. 


5  %■-  k  >■  f^' 


'H 


Fig.  19. — Structure  and  tensile  strength  of  4.7-in.  case  as 
made  by  manufacturer  no.  15. 


Extensive  work  is  not  detrimental  to  the  product  and  the  anneal  of 
such  metal  is  accomplished  more  readily  than  metal  worked  to  a  less 
extent.  It  also  would  appear  that  hard  pinching  and  working  would 
tend  to  avoid  local  strain  and  to  produce  a  uniformity  of  work  through 
the  metal. 
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The  mouth  annealing  practice  of  the  various  manufacturers  was  as 
follows : 


Company 
Number 


Type  of  Furnace 


Amount  of  Case 
Heated, 
Inches 


Temperature, 
Degrees  C. 


Time  of 
Anneal 


Min. 


37-mm.  Cartridge  Case 


Sec. 


16 
14 
10 


Rotary  gas. . 
Nitrate  bath. 
Rotary  gas. . 


2 


no  data 


650-675 
525 


40 
15 


75-mm.  Cartridge  Case 


1 
7 
5 
9 
12 


2 

4 
13 


Nitrate  batJi 
Rotary  gas. . 
Nitrate  bath. 
Rotary  gas. . 
Nitrate  bath. 


9 

634 

6 

9 

7 

2 

Rotary  gas 6 

Rotary  gas 10 

Rotary  gas 2J-^ 

Nitrate  bath 6 


(before  taper) 
(after  taper) 


454 

480 
435-450 
415-440 

455 

390 

490 

480 

425 

480 


4.7-in.  Cartridge  Cases 


0 

20 
0 
8 

30 
0 

35 
0 

20 
0 


15 
9 
2 


Rotary  gas !  10 

Rotary  gas 12 

Rotary  gas 12 


495 

455-480 

480 


45 

10 

0 


3-in.  15-pdr.  Cartridge  Cases 


6         !  Nitrate  bath I  14      (1st  taper)  '         445 

!                                                 I    4J.§  (2d  taper)  440              1 

11         1  Nitrate  bath 14      (1st  taper)  390              3 

!                                                 I    4      (2d  taper)  ,         425              2 

3         I  Nitrate  bath 14      (1st  taper) 

6       (2d  taper) 


Mercuric  Testing 

Season,  or  corrosion,  cracking  of  brass  has  long  been  a  puzzling 
phenomenon  and  has  caused  much  trouble  in  both  small-arms  and 
artillery  cartridge  cases,  which  frequently  develop  cracks  after  being 
stored  for  a  time.  Such  cracks  have  occurred  in  both  loaded  and  unloaded 
cases  and  in  all  conditions  of  exposure  and  protection.     Most  of  these 
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cracks  occurred  in  the  mouths  of  the  cases  but  serious  cracks  have  occurred 
in  the  body  or  head.  Chemical,  physical,  or  microscopic  tests  do  not 
indicate  in  any  way  the  liability  to  season  cracking.  The  cartridge-case 
specifications  are  partly  incorrect  in  the  statement  that:  "Microscopic 


Fig.  20. — Structure  and  tensile  strength  op  4.7-in.  case  as 
made  by  manufacturer  no.  9. 


test  will  consist  of  sectionalizing,  polishing,  etching,  and  examining 
microscopically  the  two  cases  selected  to  determine  whether  the  various 
mechanical  operations  and  subsequent  heat  treatments  have  been  such  as 
to  leave  the  crystalline  structure  of  the  material  in  proper  condition  for 
obturation  and  storage." 

It  is  believed  that  the  season  crack  is  the  result  of  time  corrosion  and 
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weakening  of  the  metal  until  the  stress  exceeds  the  tensile  strength. 
Corrosion  obtained  in  the  mercuric  test  produces  "season"  cracks  in  a 
few  minutes  or  hours. 

The  Ordnance  Department  has  specified  that  "the  mercuric  test  will 


^m 


•A, 


Fig.  21. 


-Structure  and  tensile  strength  of  4  7-in.  case  as 

MADE  BY   manufacturer   No.   18. 


consist  of  the  immersion  for  4  hr.  in  a  1^^  per  cent,  solution  of  a  mercuric 
salt."  Some  operators  prefer  to  use  mercurous  nitrate  instead  of 
mercuric  chloride;  apparently  there  is  no  reason  why  this  should  not  be 
permitted  though  some  results  indicate  that  the  mercuric-chloride  is 
the  more  searching  test.  The  mercurous-nitrate  test  consists  of  the 
immersion  of  the  case  in  approximately  10-per-cent.  solution  for  15  min. 
Either  test  is  sufficiently  severe  to  indicate  the  behavior  of  the  case  in 
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storage  or  irregularities  in  manufacture.  The  mercuric-chloride  solution 
is  more  readily  prepared  than  the  mercurous  nitrate,  but  4  hr.  are  required 
for  making  the  test  whereas  only  15  min.  are  required  for  the  mercurous- 
nitrate  test. 


Fig.  22. — Structure  and  tensile  strength  of  4.7-in.  case  as 

MADE   BY   manufacturer  No.  2. 

The  solutions  for  making  these  tests  are  made  up  as  follows: 
Mercurous-nitrate  Solution. — Dissolve  200  gm.  of  mercury  in  110  cc. 
of  nitric  acid  (sp.  gr.  1.42),  with  the  aid  of  heat,  so  long  as  there  is  any 
action,  then  gradually  add  water.  As  yellow  basic  mercurous  nitrate 
forms  add  small  amounts  of  dilute  (2:1)  nitric  acid  to  dissolve  the  basic 
salt,  and  then  add  more  water  (adding  small  amounts  of  the  dilute  nitric 
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acid  as  needed)  until  the  total  volume  is  2500  oc. ;  then  add  a  small  amount 
of  mercury  to  maintain  the  solution  in  the  mercuious  state. 

When  using  this  solution,   which  is  approximately  a   10-per-cent. 
solution  containing  free  nitric  acid,  the  cartridge  case  is  immersed  in 


Fig.  23. — Method  of  taking  tests  of  4.7-in.  cautridge  case. 


the  bath  at  room  temperature  for  15  min.  and  is  then  removed  and 
examined  for  cracks. 

Mercuric-chloride  Solution. — Dissolve  1}^  g^i^-  of  powdered  corrosive 
sublimate  in  100  cc.  of  water  at  room  temperature.  Immerse  the  test 
piece  in  this  bath  for  4  hr,,  then  remove  and  examine  for  cracks. 

Nothing  is  specified  about  stirring  the  solution  dui-ing  the  immersion 
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of  the  cartridge  case,  the  temperature  of  the  sokition,  maintaining 
the  concentration  of  the  solution  during  the  immersion,  and  the  volume 
of  the  solution.  Stirring,  increased  temperature,  and  maintenance  of 
concentration  would  increase  the  severity  of  the  test,  which  does  not 
seem  necessary.     Neither  is  it  necessary  to  note  the  effect  on  the  case 
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Fig.  24. — Structure  and  tensile  strength  of  .37-mm.  cases  as  made  by 
manufacturers  nos.  10,  14,  and  16. 

except  during  and  immediately  after  its  removal  from  the  solution. 
Cartridge-case  instructions  require  that  any  cracks  resulting  within 
24  hr.  be  reported. 

Early  in  the  war,  the  mercuric  test  proved  rather  severe  for  cases 
coming  from  inexperienced  or  careless  contractors,  who  protested  against 
this  and  the  physical  tests  determining  the  acceptance  of  the  cases. 
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This  protest  was  due  entirely  to  the  inexperience  of  manufacturers, 
lack  of  knowledge  of  the  principles  of  brass  working,  determination  not 
to  try  to  overcome  mercuric  cracks,  or  the  desire  to  pass  product  already 
manufactured.  Continued  effort  to  improve  the  processes  of  manu- 
facture has  resulted  in  so  great  an  improvement  in  cartridge  cases  that 


Fig.  25. — Method  of  taking  tests  of  37-mm.  cartridge  cases. 


nearly  all  manufacturers,  including  those  who  protested  at  first,  now 
believe  that  this  is  a  most  important  method  of  testing. 

The  first  real  contribution  to  the  prevention  of  season  cracking 
appeared,  in  1914,  in  a  lecture  bj^  Prof.  E.  Heyn,^  who  showed  how  strains 
in  the  metal  are  developed  by  unequal  working  of  neighboring  portions 
to  the  extent  of  causing  cracks  immediateh'  or  in  time.  He  then  discusses 
the  removal  of  these  strains  by  heat  treating  at  temperatures  of  from 

®  Internal  Strains  in  Cold- wrought  Metals,  and  Some  Troubles  Caused  Thereby. 
Jnl.  Inst,  of  Metals  (1914)  12,  3. 
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100°-230°  C.  (210°-450°  F.),  thus  removing  the  cause  of  these  cracks. 
These  temperatures  are  much  below  the  recrystallization  point  and  pro- 
duce no  apparent  change  in  the  microscopic  or  physical  condition  of 
the  metal. 


Fig.  26. — Structure  and  tensile  strength  of  1.457-in.  subcaliber  gun 
cartridge  case  as  made  by  manufacturer  no.  10. 

A  direct  application  of  Professor  Heyn's  method  to  cartridge  cases 
was  made  by  W.  B.  Price,^  who  found  that  cases  heated  for  1  hr.  or 
more  at  260°  C.  (500°  F.)  did  not  crack,  though  all  cases  of  the  same  lots 
that  were  not  heat-treated  developed  serious  cracks  when  immersed  for 
4  hr.  in  a  Ij^-per  cent,  solution  of  mercuric  chloride.     Tensile-strength, 

^Proc.  A.  S.  T.  M.  (Part  II,  1918)  18, 
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elongation,  and  microscopic  tests  revealed  no  change  in  the  metal  from 
this  treatment.  It  is,  therefore,  apparent  that  a  low-temperatm-e  heat 
treatment  will  remove  the  cause  of  season  cracking  and  the  good  cartridge 
cases  thus  treated  will  not  deteriorate  in  storage. 


Fig.  27.- 


-Structure  and  tensile  strength  of  240-mm.  trexch-mortar  cartridge 
case  as  made  by  manufacturer  xo.  15. 


Some  manufacturers,  inspectors,  and  other  ordnance  people  claim 
that  a  hard  case  will  develop  season  cracks  but  that  a  soft  case  will  not ; 
this  is  an  erroneous  assumption.  As  yet  no  relation  between  physical 
properties  and  season  cracking  is  known  to  exist,  neither  do  photomicro- 
graphs indicate  conditions  under  which  cracks  will  occur.  A  season  crack 
is  the  result  of  stresses  and  mav  occur  in  bothundtMwoi'ked  and  overworked 
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cases.  Cracks  have  occurred  in  the  C,  D,  and  E  sections  when  the  tensile 
strength  of  these  sections  was  as  low  as  35,000  lb.,  and  have  not  occurred 
when  the  tensile  strength  was  over  90,000  lb. 

As  a  case  may  be  hard  or  soft  from  either  work  or  annealing,  it  is 


Fig.  28. 


-Results  of  tests  on  2.95-in.  cartridge  case 
as  made  by  manufacturer  no.  16. 


essential  that  both  work  and  anneahng  be  considered  when  the  condition 
of  the  finished  cartridge  case  is  studied.  The  results  of  a  study  of  the 
relation  of  stress  and  failure  in  structural  brasses  show^  conclusively  that 
failures  occurred  only  where  stress  existed. 

During  the  last  two  years  all  manufacturers  who  made  an  earnest 

8  P.  D.  Merica  and  R.  W.  Woodward.     The  Failure  of  Structural  Brasses.    Metal 
Industry,  N.  Y.  (Nov.  and  Dec,  1915)  13,  459,  495. 
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attempt  to  meet  the  mercuric  test  were  successful,  having  but  a  few  minor 
cracks.  Manufacturers  who  did  not  meet  this  test  failed  because  they 
did  not  apply  simple  remedies  or  refused  to  change  their  practice.  An 
infrequent  failure  in  the  mercuric  test  is  to  be  expected  but  continued 
cracking  is   inexcusable   and   a  reflection   upon   the   manufacturer. 


Effect  of  variations  in  temperature  of  the  mouth  annealing  of 
75-MM.  cartridge  cases. 


The  mercuric  test  probably  results  in  an  amalgamation  of  the  grain 
boundaries  of  the  metal  more  rapidly  than  the  grains  themselves,  thus 
producing  lines  of  weakness  throughout  the  metal.  If  the  stress  in  any 
part  exceeds  the  stress  in  a  neighboring  part,  a  crack  develops  as  soon  as 
the  amalgamation  has  developed  suflEicientlj^  to  reduce  the  tensile  strength 
below  the  stress.  In  storage  a  similar,  but  slow,  corrosion  takes  place, 
so  that  the  cracks  are  developed  in  a  few  months  or  a  year.     Instead  of 
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corrosion,  the  weakening  may  be  due  to  some  change  in  the  amorphous 
condition  between  the  grains,  but  as  the  amalgamation  of  the  mercury 
test  seems  to  attack  the  grain  boundaries  first,  this  does  not  affect  the 
reliabiHty  of  the  result  of  this  test. 

The  mercuric  test,  besides  being  an  indication  of  the  ability  of  the 
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Fig.  30. — Effect  of  variations  of  temperature  of  mouth  annealing  of  75-mm. 

cartridge  cases. 


finished  case  to  stand  storage,  is  an  excellent  control  test  on  the  process 
of  manufacture.  If  at  some  point  in  this  process  a  change  takes  place 
that  sets  up  serious  stresses  in  the  metal  of  the  finished  case,  mercuric 
cracks  occur.  Of  course,  for  determining  conditions  other  than  strain 
other  physical  tests  are  necessary.  Even  a  slight  wear  in  properly 
designed  tools  or  the  guides  may  cause  cracks.  If  any  conditions  result 
in  more  work  in  a  part  of  a  case  than  in  a  contiguous  part,  stresses  will 
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be  set  up  between  those  parts,  which  may  be  sufficient  to  cause  a  crack. 
This  was  shown  by  W.  B.  Price^  in  the  case  of  a  cartridge  case  one  side 
of  the  mouth  of  which  was  thicker  than  the  side  diametrically  opposite, 
because  of  improper  cupping  tools.     The  difference  in  thickness  of  the 


Fig.  31. 

wall  caused  the  thick  side  to  receive  more  work  in  the  redraw  than 
the  thin  side.  All  cases  that  were  eccentric  cracked  on  the  thin  side,  if 
subjected  to  the  mercuric  test,  while  non-eccentric  cases  did  not  crack. 
Photomicrographs  were  taken  diametrically  opposite  one  another.  The 
one  taken  from  the  thick  side  showed  some  recrystallization,  while  no 
change  was  evident  in  the  thin  side.     This  shows  that  the  greater  the 

9  Trans.  (1919)  60,  455 
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reduction  in  brass  tiic  lower  is  its  recrystallization  point.  In  this  instance 
all  the  eccentric  cases  were  made  acceptable  by  increasing  the  mouth 
anneal  from  425°  to  480°  C.  (800°  to  900°  F.),  when  the  mercuric  cracks 
were  avoided.  An  increase  in  the  annealing  temperature  is  not  neces- 
sarily the  cure  in  all  instances,  as  the  tensile  strength  may  not  be  high  enough 
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to  permit  this.     Further  trouble  was  avoided  by  overcoming  the  eccen- 
tricity and  continuing  the  mouth  anneal  at  480°  C.  (900°  F.). 

In  Figs.  32  to  35,  the  results  from  change  in  work  and  mouth  annealing 
are  shown.  The  first  process  of  manufacture  gave  a  much  higher  tensile 
strength  in  the  C  section  than  in  the  contiguous  portions  of  the  case,  as 
shown  by  the  solid  line  in  Fig.  32.     An  increase  in  the  work  and  the 
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annealing  produced  a  case  with  a  more  uniform  working  of  contiguous 
parts  and  less  cracking  resulted,  as  shown  by  the  dotted  lines.  This 
change  greatly  lessened  the  mercuric-crack  troubles. 

Local  strains  might  be  caused  by  dirt  or  chips  producing  scratches  or 


Fig.  33. 


lines  of  intense  work.  In  the  heading  operation  used  by  one  manufac- 
turer, the  metal  surrounding  the  primer  hole  was  under  compression  and 
that  at  the  flange  under  tension.  Severe  cracks  in  the  head  and  body 
resulted  from  the  mercury  test,  so  that  it  was  necessary  to  change  the 
operations  so  that  the  last  heading  operation  produced  uniform  conditions 
throughout.     The  procedure  for  overcoming  season  cracks  will  vary 
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with  the  process  of  manufacture,  but  some  combination  of  the  following 
is  bound  to  remove  the  difficulty: 

1.  Increase  the  work  during  the  last  redraw,  thus  increasing  the  effect 
of  the  annealing,  which  is  made  at  the  same  temperature;  higher  tensile 
strength  may  result  and  the  case  thus  be  too  hard  and  split  in  the  gun. 


Fig.  34. 


2.  Increase  the  temperature  or  time  of  the  annealing;  this  will  lower 
the  tensile  strength  and  is  not  permissible  if  the  case  produced  already 
has  a  low  tensile  strength. 

3.  Increase  both  the  work  and  the  annealing;  it  may  be  possible  to 
eliminate  much  of  the  strain  with  little  change  in  tensile  strength. 
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4.  Redesign  the  drawing  and  heading  operations  so  as  to  remove 
marked  inequalities  of  working. 

5.  Give  the  finished  case  a  low-temperature  heat  treatment. 

The  first  four  properly  applied  and  maintained  will  prevent  most 
of  the  season  cracking  but  will  not  prevent  cracking  caused  by  irregularity 
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Fig.  35. 


in  tools  and  shop  practice.  These  irregularities  will  be  inversely  propor- 
tionate to  the  care  taken  in  the  manufacture,  but  a  few  cases  w411  alwaj's 
be  made  that  will  not  stand  the  mercuric  test.  It  would,  therefore, 
seem  that  the  addition  of  the  low-temperature  heat  treatment  to  the 
finished  cases  is  desirable.  Such  heat  treatment  can  be  readily  and 
cheaply  applied,  and  as  the  temperatures  are  so  low  that  automatic 
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tlovices  may  be  used  in  the  annealing  furnaces,  the  cost  of  upkeep  and 
operation  will  be  small. 

W.  B  Price!"  says:  "A  heat  treatment  of  260°  C.  (500°  F.)  for  1  hr. 
does  not  cause  a  recrystallization  even  on  the  hardest  part  of  the  shell 
and  yet  is  sufficient  to  relieve  all  internal  stresses  and  prevent  the  case 
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Fig.  36. 


from    cracking  on  the  mercuric-chloride  test."     This  supports  the  find- 
ings of  Heyn^^  and  is  supported  b}^  the  ordnance  results. 

The  largest  producer  of  7o-mm.  cases  furnishes  the  following  data: 
"The  annealing  of  the  cups  consists  of  a  90-min.  period  in  a  temperature 
of  620°  C.  (1150°  F.).     After  the  first  redraw,  the  cups  were  subjected 

10  The  Prevention  of  Season  and  Corrosion  Cracking  of  Brass  Artillery  Cases  by 
Special  Heat  Treatment.     Proc.  A.  S.  T.  M.  (Part  II,  1918)  18. 
"Hej'n:  Op.  cit. 
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for  90  mill,  to  a  temperature  of  600°  to  620°  C.  (1110°-1150°  F.);  and 
after  the  second  and  third  redraws  they  were  subjected  each  time  for 
75  min.  to  a  temperature  of  600°  to  610°  C.  (1110°-1130°  F.)." 

The  products  of  combustion  from  the  furnaces  in  which  a  temperature 
of  600°  C.  (1110°  F.)  is  maintained  would,  if  properlj^  handled,  furnish 
much,  if  not  all,  of  the  heat  necessary  for  the  heating  of  a  furnace  for 
final  annealing  to  260°  C.  (500°  F.).     Also,  the  90-min.  period  required 


Fig.  37. — Location  of  tensile  test  for  primer-hole  metal. 


Thickness 

Thicknes"!  X 
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Head, 
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Inch 

Inch 

Inch 

2.95-in.  mountain  gun 

0.2     +0.01 

0.135  +  0.005 

1.00 

3-in.  field,  1902 

0.2     +0.01 

0.135  +  0.005 

1.00 

3-in.  :Mark  I 

0.32   +0.01 

0.255+0.005 

1.00 

3-in.  Mark  II 

0.32   +0.01 
0.305±0.01 

0.255  +  0.005 
0.210  +  0.005 

1.00 

75-mm.  field,  1916 

1.25 

4.7-in.  gun,  1906 

0.40   ±0.01 

0.335  +  0.005 

1.00 

4.7-in.  Mark  I 

0.40   +0.01 

0.335  +  0.005 

1.00 

4.7-rQ.  howitzer 

0.30   +0.01 

0.210  +  0.005 

1.00 

for  annealing  would  permit  of  an  equal  time  in  the  final  furnace  without 
slowing  down  production.  jMechanical  conveyors  would  work  readily 
at  260°  C.  (500°  F.)  so  that  little  labor  would  be  involved  in  the  addi- 
tional equipment.  The  first  cost  is  the  main  consideration  and  this 
would  not  be  excessive  because  of  the  comparatively  low  tempera- 
tures involved. 

It  would  seem  that  annealing  at  425°  C.  (800°  F.)  for  1  min., 
after  which  cracking  occurred  on  the  thin  side  of  the  case,  would  do  more 
than  a  low-temperature  anneal  for  1  hr.,  especially  as  this  temperature 
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is  sufficient  to  produce  visible  recrystallization  on  the  tliick  side.  Experi- 
ence^^  indicates  that  the  low-temperature  anneal  through  the  longer 
time  may  be  more  effective  than  the  higher  temperature  anneal  through 
a  shorter  time,  though  some  recrystallization  does  occur. 

Ballistic  Testing 

At  the  present  time,  the  acceptance  of  artillery  cartridge  cases  depends 
almost  entirely  on  their  ability  to  pass  the  proof  firing  test.  This  test 
consists  in  firing  at  12  per  cent,  excess  powder  pressure  three  cases  selected 
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Fig.  38. — Methods  of  working  head  metal  during  drawing  and  in  final  heading 

operations. 

at  random  from  each  lot  (five  for  75-mm.  cases),  which  consists  of  from 
5000  to  25,000  cases.  During  the  war  (2353)  lots  were  submitted  to 
ballistic  tests,  and  all  were  finally  passed  as  satisfactory.  Out  of  this 
number,  123  lots  failed,  so  that  it  was  necessary  to  make  retests,  which 
consisted  in  the  proof  firing  or  five  more  cases  (as  a  rule)  from  the  same 
lot.  Of  the  failures  72.8  per  cent,  were  caused  by  metal  conditions, 
which  were  outside  of  limits  set  by  the  Inspection  Division;  11.7  per 
cent,  were  dimensionally  or  visually  defective  and  should  not  have  been 
submitted  to  the  proving  ground  for  tests;  11.7  per  cent,  were  reported 
as  failures  and  later  released  as  it  was  found  the  failures  were  caused  by 
faulty  guns  or  faulty  resizing  dies.  This  last  percentage  does  not  include 
a  large  number  of  failures  that  were  reported  but  withdrawn  before  record 

12  Merica  and  Woodward:    Op.  cit. 
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was  made.  In  one  case,  after  fourteen  lots  of  75-mm.  cases  and  nine 
lots  of  4.7-in.  cases  were  reported  as  failures,  it  was  discovered  that  the 
failure  was  caused  by  improper  resizing.  Only  3.8  per  cent,  of  the 
failures  could  not  be  explained  metallurgicallj^  or  mechanically;  that  is, 
the  failures  were  such  that  the  reports  of  the  metallurgical  branch  and 
visual  and  gaging  inspection  did  not  indicate  that  such  failures  should 
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Fig.  39. — Method  of  takim.  xEsir^  ox  4.7-m.m.  antiaircraft  cartridge  case. 


occur.  As  only  three  cases  out  of  25,000  are  selected  for  metallurgical 
tests  and  only  five  cases  are  selected  for  ballistic  tests,  it  is  likely  that 
those  selected  in  either  case  were  not  representative  of  the  lot. 

No  lots  of  cartridge  cases  were  finall}^  rejected,  as  upon  ])allistic 
retest  all  w^ere  accepted.  It  is,  therefore,  evident  that  a  considerable 
quantity  of  questionable  material  was  accepted.  Also  a  number  of  lots 
of  cases  did  not  meet  the  suggested  metallurgical  specifications,  but 
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passed  the  ballistic  tests.  Inasmucli  as  72.8  per  cent,  of  the  failures  were 
caused  by  metallurgically  defective  cases,  according  to  suggested  speci- 
fications, and  only  3.8  per  cent,  were  within  those  specifications,  it  is 
evident  that  the  acceptance  of  material  on  ballistic  tests  alone  means  the 
acceptance  of  questionable  material.     Further,   the  fact  that  such  a 
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Fig.  40. — Primer-hole  conditions  of  75-mm.  cases  as  made  by 

MANUFACTURER  No.  13. 

large  number  of  failures  caused  by  faulty  guns  and  resizing  have  been 
temporarily  recorded,  makes  it  apparent  that  the  ballistic  test  may  be 
decidedly  unfair;  at  any  rate  it  is  uncertain. 

Nearly  all  of  the  manufacturers  produced  cases  that  were  within 
prescribed  limits  and  were  generally  free  from  cracks  after  the  immer- 
sion in  mercuric-chloride  solution.  The  results  shown  in  the  accompany- 
ing illustrations  justify  the  employment  of  physical  tests  as  meanes 
of  determining  acceptance  and  rejection.     These  tests  also  give  far  more 
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information  as  to  the  quality,  life,  and  behavior  of  the  cartridge  case 
than  any  ballistic  tests  that  may  be  applied. 

The  cost  and  time  consumed  are  also  much  less.  Physical  and 
metallographic  testing  of  a  lot  of  cases  in  the  laboratory  will  require 
the  time  of  one  man  in  the  machine  shop  for  8  hr.,  two  men  in  the  physical 
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Fig.  41. — Primer-hole  conditions  of  75-mm.  cases  as  made  by 

MANUFACTURER   No.    5. 

testing  laboratory  for  3  hr.,  and  one  man  in  the  metallographic  laboratory 
for  4  hr.,  or  a  total  of  18  man-hours.  Allowing  $1  per  hour  for  this 
labor  cost  and  150  per  cent,  for  overhead  expense,  materials,  etc.,  the 
cost  of  testing  a  lot  of  cases  will  be  $45. 

The  cost  of  the  firing  tests  required  on  a  lot  of  cases,  including  cost 
of  explosive,  proof  projectile,  resizing  of  case,  and  overhead,  is  estimated, 
by  the  proving  ground,  as  follows:  37-mm.  cases  $23,  75-mm.  cases  $140, 
4.7-mm.  cases  $280,  240-mm.  cases  $480.     The  time  required  for  this 
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testing,  after  the  cases  are  received  at  the  proving  ground,  is  not  much 
less  than  that  required  for  the  metallurgical  tests.  To  this  time  must  be 
added  the  time  required  for  shipping  the  cases  to  the  proving  ground  and 
the  time  that  must  elapse  between  the  proof-firing  and  the  receiving  at 
the  manufacturing  plant  of  a  report  of  the  results. 


Fig.  42. — Elongation  of  cases  as  made  by  various  manufacturers. 

The  establishment  of  strict  metallurgical  specifications  will  impose 
no  hardship  on  the  manufacturer;  in  fact,  these  specifications  will  be  to 
his  advantage  as  he  will  then  have  something  definite  to  which  to  work. 
It  is  not  contended  that  all  ballistic  tests  of  cartridge  cases  should  be 
done  away  with,  as  such  tests  are  desirable  on  doubtful  material  and  as 
all  product  that  is  not  specified  by  experience  requires  these  tests. 
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Manufacturing     Difficulties 

The  most  important  of  the  manufacturing  difficulties  encountered 
were:  expansion  of  the  primer  hole,  occurrence  of  annular  rings,  and 
appearance  of  visual  defects  in  the  metal.  The  expansion  of  the  primer 
hole  is  an  old  ch'fficultj^  Old  cartridge-case  specifications  required 
mandreling  of  the  primer  hole  to  toughen  the  metal,  so  that  the  primer 


Fig.  43. — Elongation  of  cases  as  made  by  various  manufacturers. 


hole  would  not  expand  during  firing.  It  was  thought  bj'  some  that  the 
mandreling  was  absolutely  necessaiy  to  provide  sufficient  tensile  strength. 
The  extra  operation  did  not  appeal  to  manufacturers  contemplating 
quantity  production,  so  manj'  of  them  resorted  to  other  methods  of 
working  the  head.  Indenting  the  cup  or  head  of  the  case  between  the 
draws  was  a  rather  popular  method  of  obtaining  this  strength,  but  like 
the  mandreling  this  required  an  extra  operation  and  as  it  came  early  in 
the  process  its  effect  on  the  finished  head  was  not  marked. 


J.  BURXS  READ  AND  S.  TOUR 


717 


Some  manufacturers  adopted  various  methods  of  causing  the  metal  to 
flow  in  the  heading  operations,  thus  doing  away  with  indenting  and  man- 
drehng.  Sections  E  in  Figs.  22  and  11  illustrate  the  metal  of  the  head 
with  mandreled  primer  hole;  section  E,  in  Figs.  20  and  3,  illustrate  the 
condition    where    no    mandrcling    took    place.     A    comparison    of    the 
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tensile  strengths  and  photomicrographs  shows  that  all  the  methods  give 
the  desired  results.  The  various  methods  of  working  the  head  metal  are 
shown  in  Fig.  38. 

The  latest  specifications  state  that  any  method  of  mandreling  of 
indenting  that  will  sufficiently  harden  the  head  to  prevent  expansion  or 
the  primer  hole  may  be  used.     Many  manufacturers  who  use  neither 
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mandreling  nor  indenting  are  obtaining  just  as  satisfactory  cases  as  those 
who  use  these  methods.  The  trouble  experienced  from  the  expansion 
of  primer  holes  was  caused  probably  by  the  low  tensile  strength  in  the 
D  and  E  sections  or  the  excess  powder  pressure  used  in  the  ballistic  tests. 

The  photomicrographs  shown  in  Figs.  40  and  41  are  taken  from 
sections  of  cases  that  did  and  that  did  not  expand  at  the  primer  hole. 
The  difference  in  the  structure  is  not  as  apparent  as  in  the  tensile  strengths. 
A  high  tensile  strength  of  the  metal  in  the  D  section,  or  heavy  portion  of 
the  head,  is  just  as  essential  as  a  high  tensile  strength  in  the  metal  immedi- 
ately surrounding  the  primer  hole.  Many  of  the  failures  may  have  been 
due  to  the  excess  powder  pressure  used  at  the  proving  grounds,  as  other 
cases  from  the  same  lots  passed  the  tests  at  lower  powder  pressures. 
However,  it  would  seem  advisable  to  maintain  the  higher  tensile  strengths 
in  order  to  provide  a  sufficient  factor  of  safety.  Experience  has  shown 
that  it  is  easily  possible  to  make  cases  of  sufficient  tensile  strength  to 
meet  the  higher  powder  pressures  and  still  have  a  product  that  will 
stand  storage. 

Sections  of  cases  made  with  various  heading  operations  are  shown 
in  Fig.  38.  There  is  very  little  difference  in  either  the  microstructure  or 
the  tensile  strength  of  cases  made  by  the  various  methods.  Operations 
in  the  first  drawing  stages  have  scarcely  any  effect  on  the  finished  case, 
if  the  work  during  these  operations  has  been  sufficient  to  cause  recrj^s- 
tallization  in  the  annealing  process  between  draws.  A  temperature  of 
650°  C.  (1200°  F.)  for  1  hr.  will  completelj^  anneal  the  brass  and  remove 
the  effect  of  any  indent  or  head  working  in  the  previous  steps  in  the 
process.  A  number  of  manufacturers  use  indenting  operations,  but  these 
are  followed  by  annealing,  which  removes  the  effect  of  the  working  of  the 
metal  by  this  operation.  The  greater  working  of  the  head  metal  where 
an  indent  is  used  is  brought  about  by  the  final  heading  from  the  indent 
instead  of  from  the  cup  form.  No  annealing  follows  the  final 
heading  operation. 

Annular  rings,  metal  folds,  or  cold  shuts  in  the  curved  part  of  the 
cartridge  case,  between  the  head  and  the  wall,  were  a  source  of  trouble 
in  a  few  instances  at  the  beginning  of  the  war.  These  rings  are  entirely 
due  to  improperly  designed  tools;  changes  in  the  design  of  these  and  in 
the  manufacturing  processes  soon  overcame  the  difficulty.  Fig.  36 
illustrates  cracks  that  were  found  in  early  manufacture.  The  Ordnance 
Department  arbitrarily  specified  that  cases  in  which  the  annular  rings 
extended  beyond  tangents  drawn  to  the  curved  portion  of  the  case  from 
the  inside  of  the  wall  and  the  head  should  be  rejected.  As  these  rings 
are  the  result  of  wrongly  designed  tools  and  have  nothing  to  do  with  the 
metal  condition,  no  further  discussion  is  necessary  here. 

Spills,  blisters,  and  scratches  in  the  finished  case  are  due  to  various 
causes  and  appear  in  widely  different  sizes  and  conditions,  so  many 
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questions  as  to  how  they  should  affect  the  acceptance  of  cases  have 
arisen.  The  Ordnance  Department  attempted  to  formulate  rules  as  to 
what  should  be  accepted  but  the  variations  are  such  that  acceptance 
must  rest  largely  on  the  judgment  of  the  inspector.  Smooth,  sound 
disks,  free  from  defect,  should  draw  into  smooth,  sound  cases  and  the 
manufacturer  should  study  his  process  if  this  result  is  not  obtained. 
Good  casting  and  rolling  conditions  produce  proper  disks  and,  therefore, 
defects  in  cartridge  cases  should  not  occur. 

If  a  blister,  blowhole,  or  spill  occurs  in  the  disk,  it  will  be  elongated 
and  drawn  out,  forming  a  long  slender  line  visible  on  the  inside  of  the 
case,  if  near  the  surface;  if  under  the  surface,  it  will  be  hidden  from  sight. 
It  is  likeh^  that  cartridge  cases  that  show  a  poor  surface  contain  similar 
defects  beneath  the  surface;  this  is  certainly  true  if  the  defects  occur 
other  than  on  the  surface  of  the  disk.  The  outside  of  the  case  is  smoothed 
over  in  the  redrawing  dies  so  that  most  defects  are  obliterated,  as  far  as 
the  eye  is  concerned. 

If,  in  one  of  the  redraws,  the  metal  is  scratched,  this  scratch  will  be 
drawn  out  so  as  to  appear  in  the  final  product  verj^  much  as  the  result 
from  a  blister  in  the  disk. 

If  the  redrawing  tools  are  so  designed  that  the  metal  on  the  outside  of 
the  cup  is  advanced  much  beyond  the  metal  of  the  inside,  or  vice  versa, 
the  rough  edges  of  the  disk  will  be  drawn  into  the  case,  producing  in  the 
mouth  of  the  case  staggered  cracks  that  cannot  be  removed  in  the  trimming 
operations.  In  a  few  instances  these  have  resulted  in  a  complete  breaking 
away  of  the  mouth. 

Scratches,  pits  from  embedded  metal  or  dirt,  dents  from  furnace 
tongs,  or  other  defects  are  also  objectionable,  as  they  produce  local  work- 
ing and  strain.  This  strain  may  not  be  sufficient  to  cause  season  cracking 
or  cause  rejection  of  the  product,  but  all  of  these  tend  toward  poor 
product  and  should  be  avoided.  The  shop  practice  and  not  the  metal 
is  usually  at  fault  when  these  defects  appear  and,  therefore,  the  remedy 
usually  is  to  be  found  on  the  premises. 

Rough  handUng  of  the  cases  in  either  the  finished  or  unfinished  state, 
dents  or  folds  are  apt  to  cause  trouble.  If  a  case  is  dented,  particularly 
when  annealing  does  not  follow  the  next  working,  the  metal  is  very  apt 
to  be  overworked  by  such  dents  either  in  that  or  a  following  work- 
ing, causing  cracks.  One  manufacturer  was  allowing  carelessness  in  the 
handling  of  the  hooks  used  for  drawing  the  cases  from  the  annealing 
furnace,  so  that  many  sharp  dents  occurred,  which  resulted  in  many 
rejections  because  of  radial  cracks  developing  in  later  steps  in  the 
process.  In  a  few  instances,  thin  cracks  showed  first  on  firing  in  the 
ballistic  test.  Dents  from  throwing  the  cases  against  each  other  will 
produce  similar  results. 

If  too  high  an  annealing  temperature  is  used,  particularly  preceding 
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the  last  redraw,  a  coarse  granular  structure  will  result  leaving  a  rough, 
or  orange-peel,  effect  in  the  final  case.  While  this  might  not  be  sufficient 
to  cause  a  failure  of  the  case  in  the  ballistic  test,  it  produces  unsafe  and 
questionable  material,  which  should  not  be  accepted. 

Defects  are  thus  caused  by  poor  manufacture  and  defective  disks; 
and  though  some  are  bound  to  occur,  care  should  be  taken  to  distinguish 
between  those  that  are  serious  and  those  that  are  not  serious.  It  is 
necessary  that  projections  or  roughness  be  removed  from  cases  but  the 
repairing  by  digging  and  scraping  out  defects  or  scratches  is  questionable. 
This  practice  weakens  the  case  through  the  removal  of  metal  and  little 
information  is  gained  other  than  that  showing  on  the  surface.  No 
doubt,  during  the  war  many  "visually  defective"  cases  were  rejected 
that  should  have  been  accepted.  Foreign  practice  permits  extensive 
repair  by  the  brazing  of  verj'  defective  cases  and  while  this  may  be  going 
too  far  it  is  an  indication  that  the  United  States  inspection  is  too  rigid. 

Photomicrographs  axd  Charts 

The  accompanying  illustrations  were  selected  from  a  large  mass  of 
material  that  accumulated  during  the  war.  Most  of  these  charts  and 
photomicrographs  have  been  explained,  but  they  are  mentioned  here 
to  facilitate  the  study  of  the  plates. 

Fig.  1  represents  the  comparative  tensile-strength  tests  of  typical 
75-mm.  cartridge  cases  selected  from  each  manufacturer.  A  diagram 
at  the  bottom  shows  the  location  on  the  case  of  the  test  pieces  and  the 
ordinates  indicate  the  tensile  strength  in  pounds  per  square  inch.  The 
upper  and  lower  limits  used  by  the  Inspection  Division  of  the  Ordnance 
Department  are  shown  by  the  heavy  lines.  It  will  be  noted  that  the 
tensile  strengths  of  all  these  bars  fall  within  these  limits  and  that  the 
greatest  variation  occurs  in  the  C  and  D  sections.  This  is  to  be  expected 
as  it  is  on  these  sections  that  the  least  annealing  is  done  after  the  heading 
operations,  and  because  of  the  variation  in  the  amount  of  work  in  the  dif- 
ferent processes.  The  heavy  line  in  the  center  indicates  the  average 
tensile  strength  of  all  lots  of  75-mm.  cases  produced  during  4  months. 

The  method  of  taking  test  pieces  of  75-mm.  cartridge  cases  is  shown 
in  Fig.  12.  At  A,  B,  C,  D  and  E  are  shown  the  size  and  location  of 
test  pieces  and  at  Ai,  Bi,  Ci,  Di,  and  Ei  the  location  of  the  microscopic 
examination.  This  examination  was  made  on  pieces  cut  from  the  grip 
ends  of  the  test  pieces  A,  B,  and  C.  Test  piece  E  and  section  Di  show 
the  properties  of  the  head  metal.  Section  Ei  shows  the  metal  condition 
at  the  primer  hole.  There  is  no  tensile-strength  test  piece  for  the  primer- 
hole  metal  and  no  microscopic  examination  was  made  at  D.  The  micro- 
scopic examination  of  Ai,  Bi  and  Ci  is  made  on  the  surface  of  the  case, 
and  of  El  and  Di  on  sections.     Figs.  2  to  11  show  photomicrographs  at 
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37.5  diameters  and  the  tensile  strength  of  sections  A,  B,  C,  D,  and  E  of 
typical  75-mm.  cartridge  cases  of  various  producers. 

Figs.  13  to  17  show  tensile-strength  and  micrographic  data  on  3-in. 
15-pdr.  antiaircraft  cases.  Figs.  18  to  23  apply  to  4.7-in.  gun  cartridge 
cases.  Fig.  24  gives  data  regarding  the  37-mm.  case.  The  tensile 
strength  of  sections  A,  B,  and  C  and  photomicrographs  of  sections  ^i, 
Bi  and  Ei  are  shown.  The  short  heavy  Hues  drawn  above  and  below  the 
tensile-strength  lines  indicate  the  tensile-strength  limits  given  by  the 
Ordnance  instructions.  In  section  B,  cases  from  different  manufacturers 
show  considerable  variation.  The  average  tensile  strength  of  all  lots 
for  5  mo.  is  shown,  together  with  those  of  typical  product.  Fig.  25 
shows  the  locations,  size,  and  method  of  taking  tests  on  the  37-mm. 
cartridge  case. 

Fig.  26  shows  the  results  of  tests  of  the  1.457-in.  subcaliber  gun  car- 
tridge case.  The  short  heavy  horizontal  lines  indicate  the  tensile- 
strength  limits  given  in  the  instructions.  Fig.  27  gives  the  results  of 
tests  of  the  240-mm.  trench-mortar  cartridge  case.  Fig.  28  gives  the 
results  of  tests  of  the  2.95-in.  cartridge  case. 

Figs.  29  and  30  show  the  effect  of  variations  in  temperature  of  the 
mouth  annealing  of  75-mm.  cartridge  cases.  The  effect  of  annealing 
for  1  min.  at  425°  C.  (800°  F.)  and  480°  C.  (900°  F.)  is  shown  at  the 
mouth,  2}^  in.  from  the  mouth,  and  6  in.  from  the  mouth.  The  condi- 
tion shown  from  the  480°  C.  (900°  F.)  anneal  is  considered  ideal;  the 
460°  C.  and  480°  C.  anneal  increased  the  tensile  strength  6  in.  from  the 
mouth  over  the  same  zone  at  the  425°  C.  anneal. 

Fig.  31  shows  the  results  of  tests  on  a  very  soft  and  a  very  hard  disk 
and  the  cases  resulting  from  these  disks  after  passing  through  identical 
conditions  in  the  process  of  manufacture.  The  hard  disk  (71  Brinell) 
is  at  the  bottom  and  the  structure  of  its  case  at  the  right;  the  soft  disk 
(42.5  Brinell)  is  shown  at  the  top,  and  the  structure  of  the  case  at  the  left. 
The  tensile  strengths  of  the  two  cases  are  shown  in  the  center;  the 
structure  and  tensile  strength  of  both  cases  are  very  similar. 

In  Figs.  32  to  35  are  shown  the  results  obtained  by  changes  in  the 
fourth  redraw  and  in  the  mouth  annealing  of  75-mm.  cartridge  cases,  all 
other  conditions  remaining  constant.  Fig.  36  illustrates,  by  photomicro- 
graphs at  5  and  37.5  diameters,  annular  rings  that  occurred  in  some  cases 
made  at  the  beginning  of  the  war.  The  diagram  at  the  left  and  the  lines 
on  the  photomicrographs  at  5  diameters  are  drawn  tangent  to  the 
fillet  of  the  case  where  it  forms  the  head  and  the  wall.  Annular  rings 
extending  beyond  these  lines  caused  the  rejection  of  the  lot. 

Fig.  37  shows  the  method  of  testing  the  tensile  strength  of  the  case  at 
the  primer  hole  of  various  size  cases.  This  method  was  suggested  in 
the  instructions  to  inspectors  but  was  not  required.     At  the  top  is  shown 
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the  location  of  the  test  piece;  the  table  at  the  bottom  indicates  the  dimen- 
sions of  the  test  piece  for  the  different  sizes  of  cases.  Fig.  38  shows  the 
various  methods  of  working  the  head  metal  during  the  drawing  and  in 
the  final  heading  operations. 

Fig.  39  illustrates  the  location,  size,  and  method  of  taking  test 
pieces  on  the  4.7-mm.  antiaircraft  cartridge  case. 

In  Figs.  40  and  41  are  shown  the  microstructure  of  the  cases  that 
expanded  at  the  primer  hole  on  firing,  also  of  the  cases  that  did  not  expand. 
The  tensile  strengths  are  also  given. 

In  Figs.  42,  43,  and  44  are  given  the  elongation  of  metal  in  the  typical 
cases  of  various  sizes.  The  elongation  of  sections  A,  B,  C,  and  D  is 
given  as  the  per  cent,  in  2  in.,  while  the  elongation  of  section  E  is  the 
per  cent,  in  1  inch. 

Conclusions 

1.  Tensile-strength  requirements  are  now  sufficiently  established  by 
the  experience  during  the  war  to  warrant  their  being  placed  in  specifi- 
cations and  used  in  deciding  the  acceptance  or  rejection  of  cases. 

2.  The  mercuric  test  has  been  met  by  reliable  manufacturers,  is  a 
good  test  for  control  of  the  manufacturing  process,  is  a  sure  indication 
of  the  behavior  of  the  case  in  storage,  and  indicates  a  metal  condition 
that  cannot  be  detected  by  chemical,  physical,  or  microscopic  tests.  It 
should,  therefore,  be  made  a  definite  requirement  in  the  specifications  for 
cartridge  cases. 

3.  Microscopic  examination  should  be  made  of  a  portion  of  the 
cases  submitted  for  tensile-strength  tests,  also  of  samples  of  all  question- 
able material.  Photomicrographs  are  essential  as  a  record  and  for  pur- 
poses of  comparison;  their  number  will  depend  on  conditions. 

4.  Ballistic  tests  alone  are  not  a  sufficient  or  proper  test  of  cartridge 
cases.  Except  on  material  that  is  questionable,  metallurgical  tests 
taken  with  proper  dimensions  and  visual  inspection  are  sufficient  and 
more  reliable  than  ballistic  tests. 

5.  The  present  requirements  and  specifications  for  cartridge-case 
disks  are  satisfactory. 

6.  Indications  are  that  hardness  tests,  made  by  the  baby  Brinell 
machine  without  cutting  up  the  cartridge  case,  might  be  substituted  for 
the  tensile-strength  test.  Such  tests  would  increase  the  sample, 
decrease  the  work,  and  save  the  case. 

7.  The  low-temperature  anneal  (below  recrystallization  temperatures) 
seems  so  certain  of  overcoming  all  season  cracking  that  its  emploj^ment  in 
the  manufacturing  of  cartridges   should   be  seriously  considered. 

8.  More  judgment  should  be  used  in  rejecting  cartridge  cases  because 
of  slight  visual  defects, 
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DISCUSSION 

G.  E.  Dalbey,  Waterbury,  Conn. — Is  the  mercuric-chloride  test 
adaptable  to  60-40  brass  with  a  small  amount  of  lead?  In  the  case  of 
tubing  of  other  alloys  would  it  show  the  probability  of  cracking  after 
considerable  drawing? 

Wm.  H.  Bassett,  Waterbury,  Conn. — The  mercurous-nitrate  test 
has  become  a  standard  test  for  brass  rods  in  general  and  is  being  used  on 
almost  all  of  the  copper  alloys  to  determine  the  liability  toward  season 
cracking. 

G.  E.  Dalbey. — Is  it  reliable  for  tubing  made  of  brass  and  copper? 

Wm.  H.  Bassett. — I  do  not  know  of  its  being  applied  to  copper  tub- 
ing, or  as  a  regular  test  to  brass  tubing.  A  large  amount  of  testing  has 
been  done  on  rods  and  shells  and  to  some  extent  on  brass  tubing  with 
mercurous  nitrate.  On  rods  to  be  used  for  construction  purposes,  the 
mercurous  nitrate  test  has  been  used  in  comparison  with  weathering 
tests;  they  have  given  the  same  results  with  the  exception  that  the  mer- 
curous-nitrate test  seems  to  be  rather  more  severe.  All  of  the  samples 
that  broke  in  the  weathering  test  failed  in  the  mercurous-nitrate  test, 
but  some  of  the  samples  that  failed  in  the  mercurous-nitrate  test  did  not 
fail  in  the  weathering  test.  Undoubtedly  the  mercurous-nitrate  test 
would  be  useful  for  tubing  and  could  be  applied  to  almost  any  of  the 
material  made  from  the  copper-zinc  alloys. 

The  cracking  or  breaking  of  the  material  is  due  to  internal  strains 
set  up  by  cold- working  operations  acting  in  conjunction,  usually,  with 
some  corrosive  action.  The  mercurous-nitrate  test  is,  of  course,  a 
rapid  corrosion  test  and  attacks  particularly  between  the  grains  or 
crystals.  When  the  material  fails  on  account  of  internal  strains  the 
breaking  is  generally  brought  about  partly  by  the  direction  of  the  strain. 
Strains  that  act  in  a  lengthwise  direction  will  not  cause  the  cracking  of 
tubes  or  shells,  while  strains  in  the  direction  of  radial  expansion  are  quite 
certain  to  cause  failures. 

C.  H.  Bierbaum,  Buffalo,  N.  Y. — Two  reagents  have  been  spoken 
of,  mercuric  chloride  and  mercurous  nitrate,  which  has  also  been  spoken 
of  as  mercuric  nitrate;  is  mercuric  nitrate  used  at  all? 

Wm.  H.  Bassett. — I  think  not. 

S.  Tour. — As  to  the  question  whether  or  not  season  cracking  results 
from  excessive  work,  it  has  been  quite  definitely  shown  that  season  crack- 
ing is  not  due  to  excess  work  but  to  strains  caused  by  variations  in  work. 
A  piece  may  have  had  but  very  little  working  and  be  in  a  strained  condi- 
tion.    In  certain  cartridge  cases  referred  to  in  the  paper  under  discussion, 
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season  cracking  occurred  in  sections  having  a  tensile  strength  of  only  30,- 
000  lb.  per  sq.  in.,  representing  slightly  worked  material,  whereas  sections 
having  a  tensile  strength  of  80,000  to  90,000  lb.  per  sq.  in.  did  not  season 
crack.  In  other  words,  the  amount  of  working  is  not  the  determining 
factor  in  season  cracking.  Strain  in  the  metal,  whether  it  has  been  heav- 
ih^  or  slightly  worked,  will  result  in  season  cracking. 

Wm.  H.  Bassett. — Our  experience  is  the  same.  The  amount  of  w^ork 
is  not  an  essential  factor  in  the  season  cracking.  It  is  rather  the  direc- 
tion of  the  strains  and  the  condition  of  the  strained  body.  The  material 
may  be  worked  until  it  has  a  very  high  tensile  strength,  the  working  may 
be  very  severe,  and  yet  season  cracking  may  not  occur.  On  the  other 
hand,  if  the  working  leaves  the  material  under  compression  so  that  the 
stresses  tend  to  produce  radial  expansion,  the  metal  may  readily  split. 
Cracking  that  takes  place  in  annealing  is  usually  called  "fire  cracking" 
because  it  is  caused  by  rapid  expansion  in  heating.  The  grain  shown  by 
fire  cracking  is  similar  to  that  shown  by  season  cracking.  The  cracks 
usually  proceed  between  the  crystals  or  grains,  but  it  is  not  uncommon 
to  have  tubes  fire  crack  in  a  manner  such  that  some  of  the  grains  are 
ruptured.  We  suppose  that  this  is  because  the  fire  cracking  takes  place 
more  rapidly  and  in  this  way  some  of  the  grains  are  broken  across  as  they 
are  in  a  ruptured  specimen  produced  by  physical  strain  rapidly  applied 
as  in  a  testing  machine. 
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Physical  Properties  of  Cartridge  Brass 

By  C.  Upthegrove*  and  W.  G.  Harbert,  Ann  Arbor,  Mich. 

(Rochester  Meeting,  June,  1922) 

During  the  past  year  considerable  work  dealing  with  physical 
properties  of  cartridge  brass  was  done  at  the  University  of  Michigan  in 
cooperation  with  the  Ordnance  Department  of  the  U.  S.  Army.  This 
paper  gives  some  of  the  data  bearing  on  the  effect  of  the  anneal,  previ- 
ous to  the  final  reduction  or  rolKng,  on  the  physical  properties,  particu- 
larly the  hardness. 

Various  phases  of  the  subject  of  physical  properties  of  cartridge  brass 
have  been  presented  by  different  investigators.  Mathewson  and  Phil- 
lipsi  refer  to  the  work  of  Grard,  in  1909,  as  the  first  systematic  presenta- 
tion of  the  relation  between  temperature  and  time  of  anneal,  changing  of 
physical  properties  and  microstructure,  and  the  previous  reduction  by 
cold  rolling.  They  discuss  the  relation  between  time  and  temperature  of 
anneal  and  the  previous  reduction  by  cold  rolHng;  also  the  relation  between 
physical  properties  and  grain  size  of  annealed  brass.  The  degree  of 
deformation  previous  to  the  annealing  was  found  to  determine  the  tem- 
perature at  which  recrystallization  and  corresponding  changes  in  physical 
properties  would  take  place.  Bassett  and  Davis,^  in  establishing  the 
relation  between  grain  size  and  Brinell  hardness,  found  the  hardness  for 
low-temperature  annealing  to  be  dependent  on  the  previous  degree  of 
reduction,  while  for  anneals  above  a  certain  temperature  the  hardness 
after  the  anneal  was  independent  of  the  degree  of  reduction.  Actual 
differences  in  hardness,  due  to  the  degree  of  reduction,  disappear  only 
on  anneahng  at  600°  C.  or  above;  though  the  differences  for  metal  sub- 
jected to  different  degrees  of  reduction  and  annealed  at  temperatures 
between  350°  and  600°  C.  were  found  to  be  relatively  small.  In  their 
determination  of  the  relationship  of  grain  size  to  Brinell  hardness,  Bassett 

*  Assistant  Professor  of  Metallurgical  Engineering,  University  of  Michigan. 

1  Recrystallization  of  Cold-worked  Alpha  Brass  on  Annealing.     Trans.    (1916) 
54,  608. 

2  Comparison  of  Grain-size   Measurements  and   Brinell  Hardness  of  Cartridge 
Brass.     Trans.  (1919)  60,  428. 
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and  Davis  used  70-30  brass  that,  previous  to  its  final  reduction,  was 
annealed  at  650°  C.  F.  G.  Smith,  investigating  grain  growth  in  alpha 
brass,^  subjected  the  brass  to  anneals  at  450°,  550°,  650°.  750°,  and  850° 
previous  to  the  final  reduction  or  deformation.  As  a  result  of  his  in- 
vestigation, he  concluded  that  the  temperature  of  recrystallization 
and  the  resultant  grain  size  of  the  final  anneal  are  dependent  on  the  tem- 
perature of  the  anneal  previous  to  the  deformation.  This  conclusion 
indicates  that  both  the  deformation  previous  to  the  final  anneal  and  the 
anneal  previous  to  the  deformation  determine  the  physical  properties  of 
cartridge  brass. 

In  the  preparation  of  the  cartridge  brass  four  bars  were  cast  of  the 
following  composition: 

No.  1  No.  2  No.  3  No.  4 

Copper,  per  cent 68.42  68  09  68  54  68.45 

Lead,  per  cent 0  03  0  02  0.02  0.02 

Iron,  percent 0  02  003  0.02  003 

Zinc,  per  cent 31.53  31.86  31.42  31.50 

The  bars  were  overhauled  direct  from  the  casting  shop,  rolled  and  an- 
nealed as  follows : 

Rolled  to,       Annealed  at,        Rolled  to.        Annealed  at,        Rolled  to, 
Bar  No.  Inch  Degrees  C.  Inch  Degrees  C.  Inch 

1  0.516  650  0.325 

2  0.560  550  0.434  650  0.273 

3  0  560  550  0.348  650  0.213 

4  0.560  550  0.267  650  0.168 

It  will  be  noted  that  the  temperature  of  the  anneal  (650°  C.)  previous  to 
the  last  rolling,  and  the  degree  of  reduction,,  37.1  per  cent.,  was  the  same 
for  all  four  bars.  The  gages  0.325,  0.273,  0.213  and  0.168  in.  are  such 
that  the  reductions  necessary  to  bring  all  the  bars  to  0.134  in.  were 
equivalent  to  reductions  of  8,  6,  4,  and  2  numbers  B.  &  S.,  or  58.8,  50.9, 
37.1,  and  20.2  per  cent.,  respectively.  For  the  purpose  of  annealing 
previous  to  the  final  reduction,  each  bar  was  divided  into  three  parts 
giving  three  lots  A,  B,  C,  each  containing  parts  of  bars  1,  2,  3,  and  4. 

Temperatures  of  550°,  650°,  and  750°  C.  were  chosen  for  the  anneals 
previous  to  the  final  reduction,  as  representative  of  the  maximum,  average, 
and  minimum  annealing  temperatures.  In  cariying  out  the  annealing 
operations  there  was,  however,  some  variation  from  these  temperatures 
so  that  actual  annealing  temperatures  were  probably  nearer  to  560°, 
570°,  650°  and  750°  C.  The  difference  in  structure  caused  by  the  anneals 
previous  to  the  final  reduction  is  shown  in  Figs.  1,  2,  and  3.  Following 
the  anneals  at  570°,  650°  and  750°  C.  the  bars  were  all  rolled  to  0.134  in. 
Following  the  reductions,  the  bars  were  cut  into  10-  by  1-in.  strips. 


2  Grain  Growth  in  Alpha  Brass.     Trans.  (1920)  64,  159. 
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Bar 

Annealed, 
Degrees  C. 

Rolled 

Reduction 

from  Inch 

to  Inch 

B.  &S. 

Per  Cent. 

lA 

570 

0.325 

0.134 

8 

58.8 

2A 

570 

0.273 

0.134 

6 

50.9 

3A 

570 

0.213 

0.134 

4 

37.1 

4A 

580 

0.168 

0.134 

2 

20.2 

IB 

650 

0.325 

0.134 

8 

58.8 

2B 

650 

0.237 

0.134 

6 

50.9 

3B 

650 

0.213 

0.134 

4 

37.1 

4B 

650 

0.158 

0.134 

2 

20.2 

IC 

750 

0.325 

0.134 

8 

58.8 

2C 

750 

0.273 

0.134 

6 

50.9 

3C 

750 

0.213 

0.134 

4 

37.1 

4C 

750 

0.168 

0.134 

2 

20.2 

From  this  point  the  anneahng  treatment  was  similar  to  that  used  by 
Bassett  and  Davis,  the  bars  being  annealed  at  50°  intervals  from  200°  to 


Fig.  1. 


-Cartridge  brass  annealed  at  570°  C.  previous  to  final  reduction. 
Brinell  56.6.      X  76. 


750°  C.  and  at  25°  intervals  from  250°  to  325°  C.  A  3-in.  piece  was  cut 
from  each  bar,  for  microscopic  examination  and  Brinell  tests.  The  bars 
and  3-in.  pieces  were  then  arranged  in  bundles  of  six,  as  2A,  2B,  and  2C 
bars,  and  annealed  in  an  electric  furnace.  The  pieces  for  the  Brinell 
test  were  so  placed  as  to  occupy  the  same  relative  position  in  the  furnace 
as  the  centers  of  the  test  bars;  the  hot  junction  of  the  thermocouple 
also  was  at  the  center  of  the  bundles.  The  samples  were  brought  to  the 
desired  temperature,  held  30  min.,  and  quenched  in  water. 
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Brinell  hardness  tests,  using  a  500-kg.  load  and  10-mm.  ball,  were 
made  on  each  3-in.  piece.  As  two  test  bars  were  used  in  the  tensile- 
strength  tests,  the  Brinell  hardness  numbers  for  any  one  anneal  are  the 
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Fig.  2. 


-Cartridge  brass  annealed  at  (350°  C.  previous  to  final  reduction 
Brinell  50.3.      X  75. 


average  of  twelve  impressions.  In  the  case  of  the  bars  annealed  previ- 
ous to  a  reduction  of  58.8  per  cent,  at  570°  and  650°  C,  and  for  which 
there  appears  to  be  little  difference  in  hardness,  the  hardness  numbers 
represent  the  average  of  five  bars  or  strips. 


Yio.  3. — Cartridge  brass  annealed  at  750°  C.  previous  to  final  reduction. 

Brinell  45.7.      X  75. 


In  Figs.  4  to  8,  Brinell  hardness  numbers  are  plotted  against  the 
annealing  temperatures.  In  Fig.  4,  the  effect  of  the  deformation  or  de- 
gree of  reduction  is  shown,  the  temperature  of  the  anneal  previous  to  the 
reduction  remaining  constant.     In  Figs.  5  to  8,  the  effect  of  the  anneal, 
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Table  I. — Brinell  Hardness 


Anneal 
After 

Anneal 
Before 

Bar  1 

Bar  2 

Bars 

Bar  4 

Rolling, 

Rolling, 

Reduction 

Reduction 

Reduction 

Reduction 

Degrees  C. 

Degrees  C. 

58.8  Per  Cent. 

50.7  Per  Cent. 

37.1  Percent. 

20.2  Per  Cent. 

None 

570 

183.0 

172.7 

150.9 

122.3 

650 

182.0 

166.6 

146.4 

108.9 

750 

171.2 

163.6 

140.5 

103 . 1 

200 

570 

191.3 

179.0 

161.1 

121.2 

650 

189.0 

174.5 

154.9 

109.2 

750 

182.0 

172.0 

142.3 

101.7 

250 

570 

184.0 

175.0 

152.9 

117.0 

650 

181.0 

171.0 

147.9 

111.5 

750 

176.0 

169.0 

136.6 

103.0 

275 

570 

168.0 

151.5 

143.7 

115.5 

650 

166.0 

147.2 

141.5 

110.0 

750 

161.5 

144.7 

129.0 

102.5 

300 

570 

97.7 

108.2 

116.5 

108.2 

650 

93.6 

107.8 

119.4 

104.5 

750 

98.0 

110.7 

119.3 

98.4 

325 

570 

92.5 

91.0 

99.5 

105.4 

650 

92.5 

89.7 

104.0 

99.6 

750 

93.2 

90.5 

109.2 

92.2 

350 

570 

92.4 

84.8 

81.3 

97.3 

650 

89.4 

81.4 

80.5 

95.8 

750 

86.1 

83.1 

83.0 

90.2 

400 

570 

80.1 

81.9 

73.8 

66.5 

650 

79.7 

80.9 

73.2 

66.5 

750 

77.8 

80.2 

67.0 

69.6 

450 

570 

68.6 

68.9 

70.3 

65.8 

650 

68.8 

68.2 

68.9 

65.2 

750 

69.1 

68.5 

65.3 

65.9 

500 

570 

66.1 

66.3 

60.8 

61.7 

650 

69.3 

68.4 

60.8 

61.1 

750 

67.6 

67.7 

62.6 

59.0 

550 

570 

61.7 

58.9 

60.6 

61.0 

650 

62.3 

57.8 

61.2 

61.1 

750 

63.4 

57.8 

61.7 

58.7 

600 

570 

53.9 

50.2 

50.3 

51.6 

650 

53.8 

50.9 

49.6 

51.6 

750 

52.8 

51.9 

51.3 

51.6 

650 

570 

49.2 

48.1 

48.7 

49.1 

650 

49.5 

47.8 

48.3 

49.2 

750 

49.0 

48.1 

48.5 

49.6 

700 

570 

46.7 

47.4 

44.6 

45.2 

650 

46.4 

47.7 

44.7 

43.9 

750 

47.3 

48.0 

44.7 

43.7 

750 

570 

43.4 

42.5 

43.6 

44.5 

650 

43.2 

43.1 

43.3 

43.9 

750 

43.6 

43.3 

43.9 

43.8 
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previous  to  the  final  rolling  or  reduction,  is  shown,  the  degree  of  reduction 
remaining  constant.     For  low-temperature  anneahng,  the  hardness  of 
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Fig.  4. — Brixell  hardness  op  cartridge  brass  on  annealing  after  reduc- 
tions BY  rolling  of  20.2,  37.1,  50.8,  and  58.8  per  cent.     Annealed  previous  to 

FINAL    REDUCTION   AT   650°    C. 

the  brass  is  shown  to  be  influenced  bj^  both  the  degree  of  reduction  and  the 
temperature  of  the  anneal  previous  to  that  reduction.  The  difference  in 
hardness  due  to  the  degree  of  reduction  disappears  on  anneahng  between 
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Fig.  5. — Brinell  hardness  of  cartridge  brass  on  annealing  after  a  reduc- 
tion BY  ROLLING  OF  20.2  PER  CENT.       ANNEALED  PREVIOUS  TO  FINAL  REDUCTION  AT 

570°,  650°,  AND  750°  C. 

600°  and  650°  C.     For  reductions  of  20.2  and  37.1  per  cent.,  the  differ- 
ences in  hardness  due  to  the  anneal  previous  to  the  reduction  disappears 
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at  500°  C;  while  for  reduction  of  50.8  and  58.8  per  cent.,  the  differences 
disappear  at  300°  C. 


180 
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Fig.  6. — Brinell  hardness  of  cartridge  brass  on  annealing  after  a  reduc- 
tion BY  rolling   of  37.1   PER  CENT.       AnNEALED  PREVIOUS  TO  FINAL  REDUCTION  AT 

570°,  650°,  AND  750°  C. 

It  will  be  noted  that  the  influence  of  the  anneal  previous  to  the  rolling 
is  more  marked  for  the  lower  degrees  of  reduction.  For  the  reduction  of 
58.8  per  cent.,  there  is  little  or  no  difference  between  the  hardness  ob- 
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Fig.  7. — Brinell  hardness  of  cartridge  brass  on  annealing  after  a  reduc- 
tion BY  rolling  of  50.8  PER  CENT.       AnNEALED  PREVIOUS  TO  FINAL  REDUCTION  AT 

570°,  650°,  AND  750°  C. 

tained  on  the  metal  previously  annealed  at  570°  and  650°  C,  although  an 
appreciable  difference  is  shown  for  the  metal  previously  annealed  at  650° 


732 


PHYSICAL    PROPERTIES    OF    CARTRIDGE    BRASS 


aiul  750°  C.  For  the  heavier  reduction  or  very  liard  rolhng,  the  influ- 
ence of  the  anneal  previous  to  rolhng  will  disappear  for  temperatures  of 
650°  C.  or  below.  The  variation  in  grain  size  for  annealing  temperatures 
of  500°  to  650°  C.  is  shown  by  Bassett  and  Davis  to  be  0.040  to  0.080 
mm.;  and  for  annealing  temperatures  of  650°  to  800°  C,  0.080  to  0.225 
mm.  With  very  heavy  reductions,  the  Brinell  hardness  for  low-tem- 
perature anneals  will  be  independent  of  the  anneal  previous  to  rolling 
unless  that  anneal  results  in  comparatively  large  variations  in  grain  size. 
Differences  in  Brinell  hardness  due  to  the  temperature  of  the  anneal 
previous  to  the  deformation  are  shown  to  be  of  a  lesser  degree  than  those 
obtained  for  different  degrees  of  reduction.     As  only  a  limited  range  of 
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Fig.  8. — Brinell  hardness  of  cartridge  brass  on  annealing  after  a  reduc- 
tion BY  rolling  of  58.8  PER  cent.  Annealed  previous  to  final  reduction  at 
570°,  650°,  and  750°  C. 

temperature  was  used  for  the  anneals  previous  to  rolhng,  extending  of 
the  temperature  range  from  570°-750°  to  500°-800°  C,  particularly  for 
the  lower  reductions,  would  result  in  differences  more  comparable  to 
those  obtained  by  varying  the  degree  of  reduction. 

The  influence  of  the  previous  anneal  on  tensile  strength  and  elongation 
was  found  to  be  similar  to  that  on  the  Brinell  hardness,  though  to  a 
smaller  degree.  Tensile-strength  tests  were  made  on  a  50,000-lb.  Riehle 
Bros,  machine  using  test  pieces  0.5  by  0.134  in.  In  Table  2  are  given 
results  of  tensile-strength  tests  for  low-temperature  anneals;  all  tests 
were  in  duplicate. 

When  annealed  at  low  temperatures,  after  reduction  by  rolling,  the 
tensile  strength  and  elongation  are  influenced  by  the  anneal  previous 
to  the  reduction.  This  influence  is  more  marked  with  the  lower  reductions 
and    is    practically    eliminated    with    a    reduction    of    58.8    per    cent. 
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Table  2. — Tensile  Strength  and  Elongation  of  Cartridge  Brass  Annealed 

Previous  to  Rolling 


Anneal, 
Degrees  C. 


Annealed  at  570°  C. 


Tensile  Strength, 
Lb.  per  Sq.  In. 


Per  Cent.  Elonga- 
tion in  2  In. 


Annealed  at  750°  C. 


Tensile  Strength, 
Lb.  per  Sq.  In. 


Per  Cent.  Elonga- 
tion in  2  In. 


Reduction,  58.8  per 

cent. 

None 

79,800 

5.2 

78,900 

5.3 

200 

81,375 

5.2 

78,925 

7.0 

250 

76,000 

8.5 

74,700 

12.0 

275 

71,600 

12.7 

72,700 

14.2 

300 

49,875 

47.5 

48,825 

47.3 

325 

50,100 

48.3 

50,200 

48.0 

350 

46,550 

50.0 

46,325 

52.0 

Reduction,  50.8  per  cent. 


None 

74,475 

7.0 

71,800 

7.7 

200 

73,650 

7.5 

71,725 

10.2 

250 

74,750 

7.7 

72,300 

8.5 

275 

65,550 

19.7 

66,800 

18.0 

300 

50,660 

41.5 

54,500 

41.5 

325 

48,800 

47.2 

49,925 

46.5 

350 

45,475 

49.7 

44,850 

53.0 

Reduction,  36.6  per  cent. 


None 

63,150 

11.2 

60,000 

19.5 

200 

63,400 

15.5 

58,650 

19.0 

250 

60,750 

19.2 

58,550 

25.0 

275 

62,400 

20.7 

59,525 

26.5 

300 

53,100 

35.5 

54,400 

33.7 

325 

51,325 

42.0 

53,875 

37.2 

350 

44,250 

52.5 

46,600 

51.2 

400 

44,150 

57.7 

43,200 

61.7 

Reduction,  20.2  per 

cent. 

None 

51,800 

.32.5 

48,700 

39.2 

200 

52,300 

30.3 

47,500 

44.0 

250 

51,275 

33.5 

48,050 

275 

50,250 

36.7 

48,700 

43.0 

300 

51,200 

37.0 

47,750 

39.5 

325 

51,125 

40.7 

46,850 

46.2 

350 

48,200 

43.5 

47,750 

45.5 

400 

44,650 

52.5 

42,300 

53.5 
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Results  of  tensile-strength  tests  on  metal  annealed,  previous  to  rolling, 
at  650°  show  little  difference  from  those  obtained  on  metal  annealed  at 
570°,  indicating  that  variation  in  the  temperature  of  the  anneal  previous 
to  rolling  will  have  an  appreciable  influence  on  the  tensile  strength  and 
elongation  only  when  that  variation  results  in  marked  change  in 
grain  size. 

Conclusions 

For  low-temperature  anneals,  following  reduction  by  rolling,  the 
Brinell  hardness  of  cartridge  brass  is  appreciably  influenced  by  the 
anneal  previous  to  the  rolling. 

This  influence  decreases  as  the  degree  of  reduction  in  rolling 
is  increased. 

For  low-temperature  anneals  following  reduction  by  rolling,  the  ten- 
sile strength  and  elongation  are  influenced,  though  to  a  lesser  degree  than 
the  Brinell  hardness,  by  the  anneal  previous  to  the  rolling. 

For  cartridge  brass  annealed  at  temperatures  of  650°  C,  or  above, 
after  reduction  by  rolling,  the  Brinell  hardness,  tensile  strength,  and 
elongation  are  independent  of  the  anneal  previous  to  the  rolHng. 

It  is  desired  to  acknowledge  with  thanks  the  assistance  of  F.  G. 
Smith,  of  the  American  Brass  Co.,  in  the  preparation  of  the  cartridge 
brass. 

DISCUSSION 

C.  H.  Mathewson,*  New  Haven,  Conn. — The  difference  in  temper 
between  fine-grained  low-annealed  metal  and  coarse-grained  high- 
annealed  metal  is  perpetuated  more  or  less  after  cold  working.  Therefore, 
it  would  seem  necessary,  if  this  difference  in  temper  is  to  be  equalized,  that 
the  cold-worked  material  should  be  thoroughly  annealed.  An  anneal 
that  would  not  completely  relieve  the  strained  hardened  condition, 
could  hardly  equalize  the  temper  difference;  that  fact  has  been  brought  out 
very  clearly  in  this  investigation. 

*  Professor  of  Metallurgy,  Sheffield  Scientific  School,  Yale  University. 
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Arsenical  Bearing  Metals 

By  Harold  J.  Roast*  and  Charles  F.  PASCOE,t  Montreal,  Que, 

(New  York  Meeting,  February,  1922) 

The  object  of  this  investigation  was  to  compare  the  arsenical  anti- 
mony-lead alloy  with  some  of  the  regular  bearing-metal  alloys.  With 
this  end  in  view,  the  following  tests  were  made: 

1.  Chemical  analyses  to  show  the  composition. 

2.  Thermal  analyses. 

3.  Macroscopic  examination  of  fractures. 

4.  Microscopic  examination. 

5.  Tensile  tests. 

6.  Crushing  tests. 

7.  Scleroscope  tests. 

8.  Brinell  tests,  at  temperatures  from  80°  to  400°  F. 

Tests  3  to  8  were  conducted  on  both  sand-cast  and  chill-cast  specimens. 
For  the  purposes  of  this  paper  the  alloys  have  been  numbered  from 
1  to  6;  their  composition  is  as  follows: 


UMBEB 

Lead, 

Per  Cent. 

Antimony, 
Per  Cent. 

Tin, 

Per  Cent. 

Copper, 

Per  Cent. 

Arsenic, 
Per  Cent. 

1 

82.64 

12.95 

4.40 

0.01 

none 

2 

27.54 

9.94 

59.87 

2.65 

none 

3 

77.65 

20.75 

none 

0.13 

1.47 

4 

82.95 

16.85 

none 

0.20 

none 

5 

83.78 

15.35 

none 

0.05 

0.82 

6 

0.15 

7.87 

84.13 

7.85 

none 

The  analysis,  in  the  case  of  the  antimony,  was  made  by  solution  in  sul- 
furic acid  and  titrated  with  permanganate.  For  tin,  the  ferric-chloride 
method  was  used;  for  copper,  the  alkaline  separations,  and  the  thio- 
cyanate  methods;  for  arsenic,  volatilization  of  arsenic  and  titration  with 
iodine.  The  lead,  with  the  exception  of  alloy  6,  was  taken  by  difference. 
With  the  exception  of  No.  5,  the  alloys  were  taken  as  received  from 
the  manufacturer.  About  40  lb.  were  melted  in  a  graphite  crucible  and 
recast  into  small  ingots  to  insure  uniformity  of  composition;  samples 

*  Manager,  Testing  Dept.,  James  Robertson  Co.,  Ltd. 

I  Consulting  Metallurgist. 
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for  analysis  were  taken  from  these  remelted  ingots.  No.  5  was  made  up 
by  the  authors  and  remelted  as  in  the  other  cases.  A  gas-fired  crucible 
furnace  holding  a  40-lb.  graphite  crucible  was  used;  it  was  easily  regulated 
as  to  temperature  and  condition  of  flame,  whether  oxidizing  or  reducing. 
All  melts  were  kept  at  or  below  1000°  F.  and  no  delay  occurred  between 
the  melting  of  the  alloy  and  the  casting.  The  size  of  crucible  was  varied 
according  to  the  amount  of  metal  required  for  the  particular  test. 

Thermal  Analyses 

For  the  thermal  analyses,  about  650  gm.  of  alloy  was  melted  in  a  small 
graphite  crucible,  which  was  practically  filled  with  the  metal  and  brought 
to  the  required  temperature;  it  was  then  removed  to  a  suitable  stand  and 
a  900°  F.  thermometer  inserted  in  a  covering  tube  of  electrically  wielded 
sheet  iron  that  fitted  the  thermometer  closely,  thus  permitting  the  easy 
removal  of  the  thermometer  from  the  solid  mass  at  the  end  of  the  experi- 
ment.    Owing  to  the  thinness  of  the  covering  tube,  practically  no  lag 


COOL/A/G       CURVES 
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Fig.  1. 

occurred.  The  thermometer  was  capable  of  being  read  to  within  1°  F. 
The  crucible  was  covered  with  an  asbestos  cover,  through  which  the 
protection  tube  was  inserted.  Readings  were  taken  at  intervals  of  every 
15  sec,  and  the  thermal  curves  shown  in  Fig.  1  were  obtained. 

The  curves  show  that  the  addition  of  arsenic  has  little  effect  on  the 
curve.  With  exception  of  alloy  No.  2,  the  eutectic  point  varies  but 
slightly;  the  decided  lowering  of  the  eutectic  point  in  No.  2  must  be  borne 
in  mind  when  considering  the  value  of  this  alloy  as  a  bearing  metal. 
It  is  perhaps  remarkable  that  the  eutectic  point  of  alloys  of  such  variable 
constitution  as  Nos.  1,  3,  4,  5,  and  6  should  be  at  so  nearly  the  same  tem- 
perature; or  in  other  words,  that  the  softening  point  of  all  these  alloys, 


HAROLD   J.    ROAST   AND    CHARLES    F.    PASCOE 


737 


or  the  danger  point  so  far  as  the  heating  of  the  bearing  is  concerned,  should 
be  so  Httle  affected  by  such  great  changes  in  composition.  Further,  a 
comparison  of  alloys  3,  5  and  4  shows  that  the  addition  of  arsenic  has 
practically  no  effect  on  the  first  precipitation  of  crystals,  or  the  eutec- 
tic  point,  notwithstanding  the  decided  change  in  structure,  which  will  be 
commented  upon  in  connection  with  the  micrographs.  Curve  3  shows 
that  the  precipitation  started  at  a  higher  temperature  than  4  and  5, 
which  is  in  conformity  with  the  increase  of  antimony  in  this  alloy. 
Inasmuch  as  this  investigation  was  primaril}^  intended  to  deal  with 
arsenic  as  a  constituent  of  bearing  metals  and  the  constitution  of  the  other 
babbits  has  been  the  subject  of  much  discussion,  we  have  not  considered 
the  constitution  of  alloys  1,  2,  and  6  to  any  extent. 

Fracture  Examination 

For  the  purpose  of  fracture  examination  about  23  lb.  of  metal,  includ- 
ing the  bar,  gate,  and  riser,  were  cast,  a  pattern  similar  to  that  shown  in 
Fig.  2  being  used.  We  have  found  this  pattern  most  useful  for  casting 
test  bars,  not  only  for  white  metal  but  for  the  brasses  and  bronzes. 
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Fig.  2. — Test-bar  patterns. 

nicluding  manganese  bronze.  Examination  of  the  chill  fractures  was 
made  on  the  chill-cast  test  bars  and  Brinell  pieces,  as  described  later. 
These  were  cast,  at  800°  F.,  into  molds  heated  to  212°  F.,  with  the  excep- 
tion of  No.  6,  which  was  cast  at  900°  F.  The  fractures  of  the  alloys 
varied  consideral:)ly,  especially  in  the  case  of  the  slowly  cooled  sand-cast 


Fig.  3. — Sand-cast  bars;  actual  size. 

specimens,  as  shown  by  Fig.  3.  It  will  be  noticed  that  a  small  quantity 
of  arsenic  has  an  extraordinary  refining  effect.  The  coarse  crystalline 
fracture  of  the  arsenic-free  alloy  No.  4  is  reduced  to  practically  a  silky 
fracture  with  the  entire  elimination  of  the  large  plate-like  crystals.     This 
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difference  of  fracture  or  grain  size  is  the  most  noticeable  effect  of  the 
addition  of  arsenic  and  the  grain  produced  is  much  finer  than  that  of  any 
of  the  other  alloys.  The  appearance  of  the  samples  is  far  more  con- 
vincing than  the  photographs;  repeated  melting  and  casting  has  no 
appreciable  effect  on  the  fineness  of  the  fracture. 

jMicroscopic  Examination 

Pieces  were  taken  from  the  center  of  the  sound  part  of  the  sand-cast 
bars,  for  the  sand-cast  specimens,  and  small  cylinders,  as  used  for  the 
crushing  tests,  were  cast  for  the  chill  specimens.  The  casting  temperature 
for  alloys  1  to  5  was  800°  F.  and  900°  F.  for  No.  6;  as  before,  the  chill 
molds  were  heated  to  100°  F.     All  the  photomicrographs  were  taken  at  a 


Fig.  4. — Crystal  study  sand-cast  bars.     X  70. 

magnification  of  70  diameters  and  are  therefore  strictly  comparable. 
The  samples  were  etched  with  dilute  hydrochloric  acid,  with  the  excep- 
tion of  the  crystal  study,  Fig.  4,  which  was  etched  with  ferric  chloride  to 
eliminate  the  ground  mass  and  so  accentuate  the  crj'stal.  An  examination 
of  samples  from  the  blocks  used  for  Brinell  tests,  as  described  later, 
showed  practically  the  same  structure  as  the  chilled  cylinders  from  which 
the  photomicrographs  shown  in  Figs.  5  and  6  were  made.  For  the  same 
reason  as  is  given  for  the  curves,  the  following  general  statement  con- 
cerning alloys  1,  2,  and  6  will  suffice. 

In  Fig.  5,  No.  1  shows  the  usual  cubical  crystals  of  tin-antimony 
SnSb,  or  gamma,  compound,  embedded  in  the  softer  lead-antimony 
eutectic,  which  has  a  distinctly  crystalline  tendency.  It  is  interesting  to 
compare  this  lead-antimony  eutectic  with  the  eutectic  in  Xo.  4,  which  has 
presumably  a  similar  composition.  No.  2  has  the  tin-copper  crystals 
as  a  primary  constituent  together  with  the  cubic  crystals  of  the  tin-anti- 
mony compound  embedded  in   a  complex  matrix,   which   apparently 
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No.  1. 


No.  2. 


^ 

B 

No.  3. 


No.  4. 


No.  5.  No.  6. 

Fig.  5. — Sand-cast  bars.     X  70. 
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Fig,  6. — Chill-cast  bars.      X  70. 
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consists  of  crystallites,  which  are  embedded  in  an  eiitectic.  No.  6  gives 
greater  evidence  of  the  tin-copper  crystals  followed  by  the  cubic  tin- 
antimony  compound  embedded  in  a  matrix  exceedingly  rich  in  tin. 
Under  high  magnification,  this  matrix  does  not  show  any  sign  of  the 
usual  eutectic  structure,  although  it  has  been  suggested  that  it  may  be  an 
eutectic  consisting  of  tin  with  1  per  cent,  of  copper.  The  most  striking 
difference  in  alloys  3,  4,  and  5  is  the  marked  effect  of  the  arsenic  on  the 
antimony  crystals  and  the  tendency  to  transform  the  cubic  crystals  of 
antimony  into  needle-like  plates  having  a  curved  tendency.  The  anti- 
mony in  the  eutectic  of  antimony  and  lead  has  a  tendency  to  segregate 
away  from  the  primary  crystals,  leaving  dark  structureless  masses  con- 
sisting probably  of  lead.     This  is  also  true  of  alloy  4  but  to  a  less  degree. 


Fig.  7. — Crystal  study  of  sand-cast  bars.      X  850. 

The  copper  content  of  0.20  per  cent,  in  alloy  4  shows  clearly,  as  the  Cu2Sb 
compound  having  its  characteristic  violet  color,  in  the  acicular  crystals 
From  the  amount  present  it  would  seem  that  practically  all  the  copper 
is  thus  accounted  for.  The  still  smaller  amount  of  copper  present  in  the 
arsenical  alloys  exists  apparently  as  the  same  CuaSb  compound  in 
the  center  of  some  of  the  antimonial  crystals,  indicating  that  the  copper 
compound  was  the  first  constituent  to  solidify  and  formed,  in  some  cases, 
nuclei  for  the  antimonial  crystals.  This  copper  compound  is  not  readily 
visible  under  the  low  power  but  is  obvious  at  a  higher  magnification, 
as  shown  by  Fig.  7.  From  our  observations,  the  action  of  the  arsenic 
is  concentrated  on  the  antimony  crystals,  compelling  them  to  crystallize 
out  in  smaller  units,  and  therefore  larger  numbers,  and  also  distorting 
them,  as  before  mentioned. 

The  refinement  of  the  fracture  and  therefore  of  the  grain  size  may 
reasonably  be  expected  to  have  an  influence  on  the  physical  constants, 
as  shown  by  the  tensile  and  hardness  tests.  With  this  in  view  the  follow- 
ing tests  were  made: 
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Tensile-strength  Tests 

The  alloys  were  heated  to  800°  F.,  with  the  exception  of  No.  6,  which 
was  cast  at  900°  F.,  and  poured  into  a  sand  mold  similar  to  Fig.  2.  The 
cooling  was  slow  and  every  opportunity  given  for  the  final  re-solution  of 
the  various  eutectics.  The  bars  were  turned  to  0.798  in.  diameter  and 
4  in.  between  centers.  The  temperature  of  the  testing  laboratory  was  about 
80°  F.  In  the  case  of  the  chill-cast  samples,  the  alloys  were  cast  at  the 
same  temperature  as  those  in  the  sand  but  into  iron  molds  heated  to  about 
212°  F.,  the  samples  being  cast  verticall}^  and  turned  down  to  the  dimen- 
sions just  given.     The  results  of  the  tensile-strength  tests  are  as  follow^s: 


Sand  Cast,  Chill  Cast, 

Lb.  per  Sq.  In.   Lb.  per  Sq.  In. 


Sand  Cast, 
Lb.  pee  Sq.  In. 


Chill  Cast, 
Lb.  per  Sq.  In. 


1  8,620  8,950  4  5,520  6,130 

2  8,820  11,000  5  7,030  7,980 

3  6,160  7,280  6  10,900  13,980 

The  elongation  and  reduction  of  area  were  not  recorded,  being 
ver}^  slight. 

The  results  given  suggest  that  the  arsenical  alloys  Nos.  3  and  5  are 
less  affected  by  casting  conditions  than  the  high-tin  alloys  Nos.  2  and  6, 
which  are  very  susceptible  to  temperature  conditions. 

Crushing  Tests 
Crushing  tests  were  made  on  both  sand-cast  and  chill-cast  samples 
poured  under  the  same  conditions  as  the  test  bars.  The  height  of  the 
cylinders  after  machining  was  approximately  2.5  in.  and  the  diameter 
1.25  in.  Loads  of  1000,  5000,  10,000,  and  15,000  lb.  were  applied  with 
the  results  given  in  Table  1. 

Table  1. — Results  of  Crushing  Tests 

Sand-cast  Bars 


Number  of 
Alloy 


Original 
Height, 
Inches 


Reduction  in  Height,  Inch, 
after  a  Pressure  of 


1000 
Lb. 


5000 
Lb. 


10,000   15,000 
Lb.        Lb. 


Original 

Diameter, 

Inches 


Increase  in  Diameter,  Inch, 
after  a  Pressure  of 


1000 
Lb. 


5000 
Lb. 


10,000  15,000 
Lb.        Lb. 


2.508 
2.525 
2.530 
2.512 
2.520 
2.500 


nil 

0.005 

0.038 

0.158 

nil 

0.006 

0.015 

0  070 

nil 

0.007 

0.049 

0.206 

0.004 

0.012 

0.112 

0.392 

0.004 

0.010 

0.045 

0.206 

nil 

0.005 

0.009 

0.054 

1 . 2480 
1.2511 
1.2490 
1.2519 
1.2498 
1.2453 


!  I  I 

nil  JO.OOIGJO  0112  0  0588 
nil  O.OOOi  0  00210. 0169 
nil  0.0010  0  0070  0  0960 
nil  0.0014  0.0232  0  1131 
0.0012  O.OOIS  0.0112  0  0742 
nil     ,0.0005:0.0017  0  0140 


Chill-oast  Bars 


2.528 
2.540 
2.535 
2.535 
2.528 
2.514 


nil 

0.006 

0.038 

0.138! 

0.002 

0.006 

0.015 

0.120 

nil 

0.007 

0.029 

0.124 

nil 

0.007 

0.075 

0.353 

nil 

0.006 

0.039 

0.151 

nil 

nil 

0.005 

0.021 

1  2498 
1.2409 
1.2528 
1 . 2500 
1.2500 
1.2512 


nil  0.00110.0108  0.0404 

nil  0 .  0006  0  0022  0  0295 

nil  0.00110  0073  0.0354 

nil  0.0010  0.0200  0.1136 

nil  0.0012  0.0098,0.0443 

nil  0 .  0000  0 .  0008  0 .  0052 
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After  this  test,  increasing  loads  were  put  on  the  sand-cast  cyhnders 
until  an  apparent  maximum  was  reached;  this  apparent  maximum  was: 


OY  No. 

Lb.  per  Sq.  In. 

Allot  No. 

Lb.  peb  Sq.  In 

1 

2 
3 

21,980 
16,580 
19,770 

4 
5 
6 

19,330 
20,880 
24,430 

Tests  were  made  with  the  Shore  scleroscope  on  the  chill-cast  samples 
and  the  same  test  pieces  were  used  for  Brinell  tests,  with  the  follow- 
ing results: 


Allot  No. 
1 
2 
3 


Scleroscope    Reduced  to  Normal  Scleroscope    Reduced  to  Normal 

Results  Readings  Allot  No.      Results  Readings 


13,  12,  13,  13 

14,  12,  14,  12 
9,  9,  10,  9 


4 

9,  9,  9 

5 

5 

9,  9,  9,  9 

5 

6 

19,  19,  20,  19 

11 

Our  experience,  based  on  these  figures  and  others  not  recorded,  indi- 
cated that  for  this  class  of  alloy  the  scleroscope  did  not  provide  a  means 
of  differentiating  their  hardness.  For  instance,  alloys  3,  4,  and  5  show  no 
difference  by  scleroscope  while  showing  distinct  differences  under  Brinell, 
tensile,  and  crushing  tests. 

Table  2. — Results  of  Brinell  Tests 


Alloy  No. 

80°  F. 
500  Kg. 

100°  F. 
500  Kg. 

212°  F. 
250  Kg. 

300°  F. 
125  Kg. 

400°  F. 
125  Kg. 

80°  F. 
500  Kg.* 

Sand  Cast, 

80°  F.  500 

Kg. 

1 

21.0 

16.5 

10.5 

8.6 

4.6 

18.6 

18.6 

2 

19.3 

23.8 

11.9 

8.5 

25.9 

14.3 

3 

21.0 

15.9 

13.6 

10.7 

6.5 

17.8 

20.1 

4 

17.2 

12. « 

7.6 

7.1 

3.8 

14.3 

15.9 

5 

19.3 

15.3 

13.0 

9.0 

5.2 

17.8 

6 

31,2 

29.7 

15  6 

11.2 

7.8 

32.6 

28.4 

*  After  heat  treatment. 

Brinell  tests  were  made  on  a  10,000-lb.  Olsen  machine  using  a  special 
casting  to  hold  the  10-mm.  ball  and  weighing  the  applied  load.  It  was 
thought  that  by  this  method  a  more  accurate  result  could  be  obtained  than 
with  the  Brinell  machine  generally  used.  The  metals  were  heated  in  a 
bath  of  linseed  oil  by  means  of  an  electric  heating  unit  and  stirred  con- 
stantly. A  thermometer  was  used  for  temperature  and  the  load  was 
applied  for  30  sec.  The  test  blocks  were  cast,  at  a  temperature  of  800°  F. 
for  alloys  1  to  5  and  at  900°  F.  for  alloy  6,  in  rectangular  iron  molds 
2/-^  by  4  by  1  in.  These  blocks  were  turned  in  a  lathe,  the  under,  or  chill 
side,  being  used  for  the  Brinell  test.  The  blocks  were  found  to  be  very 
uniform.  It  will  be  noticed  that  the'  arsenical  alloys  3  and  5  are  harder 
than  the  non-arsenical  alloy  4 ;  and  that  as  the  temperature  rises  3  and  5 
get  harder  than  1  and  2.  A  summary  of  the  tensile,  crushing  and  hard- 
ness tests,  all  on  chill-cast  samples,  is  given  in  Table  3. 
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Table  3. — Sunnnarij  of  Test  Results  on  Chill-cast  Bars 


All 


rp       .,     r,.  ^t       i       Reduction  in  Height 

oy  No.         Jj'if'H  .Strength   at       Crushing   at   10,000 
SO    F.,  Lb.  per  bq.  In.     n,.,  at  80°  F.,  Inch 


Hardness 


at  80°  F. 


at  212°  F. 


1 

8,950 

0.039 

21.0 

10.5 

2 

11,000 

0.015 

19.3 

11.9 

3 

7,280 

0.049 

21.0 

13.6 

4 

6,130 

0.112 

17.2 

7.6 

5 

7,980 

0.045 

19.3 

13.0 

6 

13,980 

0,009 

31.2 

15.6 

Summary 

Of  the  six  alloys  taken  for  comparison,  the  high-tin  base  is  undoubtedly 
the  hardest,  the  strongest,  and  the  most  resistant  to  crushing  loads.  On 
the  other  hand,  all  the  alloys  stand  1000  lb.  per  sq.  in.  without  deforming, 
and  all  deform  but  slightly  at  5000  lb.;  in  other  words,  none  would  be 
expected  to  squeeze  out  of  a  bearing  at  ordinary  loads.  Leaving  out 
No.  6,  the  arsenical  alloys  maintain  their  hardness  as  the  temperature 
rises  better  than  the  other  alloys.  Structurallj^  the  arsenical  alloys  have 
by  far  the  finest  grain  while  having  hard  crystals  embedded  in  a  softer  but 
tough  matrix.  The  arsenical  alloys  can  be  poured  at  a  lower  tempera- 
ture than  No.  6  and  run  more  readily  at,  say,  700°  F.  than  any  of  the 
other  alloys.  Further,  they  show  less  sign  of  oxidation.  In  the  matter 
of  cost  of  components,  the  arsenical  alloys  (not  taking  into  account  the 
special  cost  of  alloying  in  the  case  of  the  latter)  will  be  less  than  the  high 
tin  alloys  but  more  than  alloys  1  and  4.  All  of  these  tests  have  been 
carried  out  from  the  practical  rather  than  the  academic  point  of  view  and 
several  lines  of  experimental  work  are  suggested. 

The  authors  hope  to  make  further  investigations  when  opportunity 
offers.  These  results  have  been  made  public  in  the  hope  that  they  may 
save,  in  some  degree  at  least,  duplication  of  effort,  and  form  a  basis  for 
present  discussion  and  further  work. 

The  thanks  of  the  authors  are  due  to  The  James  Robertson  Co.,  Ltd., 
Montreal,  for  facilities  furnished  and  for  permission  to  publish  the  fig- 
ures obtained. 

DISCUSSION 

Jesse  L.  Jones,  Pittsburgh,  Pa.  (written  discussion). — One  of  the 
chief  objections  to  the  arsenical  lead  babbitts  has  been  their  lack  of  tough- 
ness. When  such  a  babbitt  is  used  for  lining  a  flanged  bearing,  the  babbitt 
on  the  flange  is  liable  to  crack  off,  even  if  well  anchored.  The  rest  of  the 
lining  is  also  liable  to  crack  if  any  pounding  occurs.     Where  peening  is 
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necessary  to  expand  a  lining  into  the  anchor  holes,  the  arsenical  lead 
babbitts  probably  would  be  unsatisfactory. 

The  maximum  arsenic  allowed  by  the  A.  S.  T.  M.  Tentative  Specifica- 
tion B23-18T  for  an  alloy  of  15  per  cent,  antimony  and  85  per  cent,  lead 
is  0.25  per  cent.  The  Brinell  hardness  given  for  this  alloy  is  17.0  at 
70°  F.and  9.9  at  212°  F.  Compared  with  the  figures  given  for  the  No.  5 
alloy,  it  would  seem  that  arsenic  has  a  decided  hardening  effect. 

It  is  a  common  behef  among  users  of  babbitt  that  the  presence  of 
arsenic  in  either  the  babbitt  or  the  bronze  shell  prevents  satisfactory 
adherence  of  the  hning.  Recently,  some  castings  were  made  from  an 
alloy  of  80  per  cent,  copper,  10  per  cent,  lead,  and  10  per  cent,  tin,  with 
the  addition  of  0.5  per  cent,  of  arsenic,  instead  of  0.5  per  cent,  of  phos- 
phorus. The  castings  were  tinned  with  "half  and  half"  solder  and  bab- 
bitted with  an  alloy  of  78  per  cent,  lead,  8  per  cent,  tin,  and  14  per  cent. 
anti;iiony;  the  adhesion  of  the  babbitt  to  the  bronze  was  excellent. 

The  babbitt  known  as  No.  4  Hardware  Babbitt  consists  of  77  per 
cent,  lead,  20  per  cent,  antimony,  1  per  cent,  copper,  1  per  cent,  arsenic, 
1  per  cent.  tin.  U.  S.  Patent  874866,  Dec.  24,  1907,  granted  to  Chas. 
J.  Reed,  of  Philadelphia,  Pa.,  specifies  an  alloy  85  lb.  lead,  10  lb.  arsenic 
and  1  to  5  lb.  copper.  For  certain  purposes,  the  inventor  says,  the 
copper  may  be  omitted. 

William  A.  Cowan,  New  York,  N.  Y.  (written  discussion). — The 
object  of  the  paper  is  stated  to  be  a  comparison  of  arsenical  alloys  with 
regular  bearing-metal  alloys,  but  the  summary  gives  the  impression  that 
the  authors  attempted  to  prove  that  the  arsenical  alloys  are  the  better; 
however,  this  has  not  been  accomplished.  Data  on  a  sufficient  number 
of  alloys  have  not  been  presented;  in  fact,  it  is  possible  to  make  a  proper 
comparison  between  similar  alloj^s  with  and  without  arsenic  only  in  the 
case  of  alloys  4  and  5,  and  these  may  be  affected,  also,  bj^  small  differences 
in  composition,  particularly  in  respect  to  copper. 

Arsenic  imparts  a  finer  grain  to  antimonial-lead  alloys,  but  it  also 
tends  to  make  them  more  brittle  and  friable  and  less  malleable  and 
plastic.  The  statement  that,  as  the  temperature  rises,  the  arsenical  alloys 
maintain  their  hardness  better  than  other  bearing  metals  is  not  fully 
borne  out.  Sufficient  data  to  uphold  it  are  not  given  and  in  the  tests 
that  can  be  compared,  as  given  in  Table  2,  the  only  figure  which 
would  seem  to  prove  this  is  Brinell  hardness  of  7.6  for  alloy  No.  4  at  a 
temperature  of  212°  F.  This  figure  should  be  rejected  as  not  consistent 
with  determinations  of  hardness  of  this  alloy  at  other  temperatures. 
Between  the  Brinell  hardness  of  12.8  at  100°  F.  and  7.6  at  212°,  there  is 
a  drop  of  5.2  points;  whereas,  between  this  figure  at  212°  and  7.1  at  300° 
there  is  a  drop  of  only  0.5  point.  This  is  entirely  unreasonable  and 
inconsistent  with  the  other  tests  on  this  and  the  other  alloys.  In  fact, 
it  has  been  shown  that,  in  general,  the  relation  between  decrease  in  hard- 
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ness  and  increase  in  temperature  can  be  represented  approximately  by  a 
straight  line  between  room  temperature  and  the  solidification  point  of 
the  alloy  in  question.  It  will  be  seen,  by  comparing  the  Brinell  hardness 
tests,  in  Table  2,  for  alloys  4  and  5  that  the  decrease  in  hardness  of  the 
two  alloys  is  practically  parallel  when  this  figure  of  7.6  is  rejected.^ 

As  hardness  decreases  the  more  rapidly  with  a  reduction  of  the  solidifi- 
cation point  of  the  alloy  under  consideration,  it  is  purposeless  to  point 
out  that  alloys  3  and  5,  representing  arsenical  alloys,  do  not  decrease  in 
hardness  as  rapidly  with  a  rise  in  temperature  as  does  alloy  2.  The 
presence  of  arsenic,  of  course,  has  nothing  to  do  with  this. 

In  preparing  the  specimens  for  photomicrographing,  it  is  probable  that 
equilibrium  of  the  different  structural  components  could  better  have 
been  attained  by  a  slower  cooling  than  even  sand  casting  or  annealing 
will  give.  For  instance,  an  alloy  of  the  composition  of  specimen  No.  1 
should,  if  in  complete  thermal  equilibrium,  show  no  separation  of  crystals 
of  antimony-tin  compound;  it  would  be  composed  of  eutectoid  with  only 
a  slight  excess  of  crystals  of  antimony.  Specimen  No.  2,  if  in  complete 
equihbrium,  would  probably  show  some  attack  of  the  cubic  crystal  of  the 
antimony-tin  compound  by  the  surrounding  liquid,  giving  an  eutectic 
formation  at  the  reaction  point  P,  as  described  in  the  thermal  equihbrium 
study  of  lead-tin-antimony  alloys  by  Dr.  Wilham  Campbell. ^ 

In  the  determination  of  cooling  curves,  probably  a  more  accurate 
location  of  critical  points  could  be  obtained  by  using  a  thermocouple  and 
by  a  differential  or  inverse-rate  method. 

The  statement  in  the  summary  that  the  arsenical  alloys  are  composed 
structurally  of  hard  crystals  embedded  in  a  softer  but  tough  matrix  is 
misleading.  The  matrix  of  the  lead-antimony  alloys,  with  and  without 
arsenic,  is  essentially  the  same;  it  is  composed  of  the  lead-antimony 
eutectic,  which  is  less  tough  than  is  the  ground  mass  of  bearing  metals 
containing  tin.  In  the  case  of  the  lead-tin-antimony  alloj's,  low  in  tin, 
this  ground  mass  is  lead-tin-antimony  eutectoid.  In  the  case  of  tin- 
antimony-copper  alloys,  the  ground  mass  is  antimony-tin  solid  solution; 
in  both  cases  the  matrix  is  tougher  than  the  antimony-lead  eutectic 
alone.  None  of  the  alloys  under  consideration  differ  in  the  fact  that  the 
matrix  is  softer  than  the  crystals  embedded  therein. 

One  of  the  advantages  in  the  use  of  lead-base  bearing  metals  contain- 
ing tin,  over  straight  antimonial-lead  alloys,  is  that  the  addition  of  tin 
adds  toughness  and  maUeabihty  to  the  alloy.  The  addition  of  arsenic  to 
antimonial  lead  affects  these  properties  in  exactly  the  opposite  direction. 
This  is  objectionable  in  bearing  metals,  for  alloys  for  such  use  should  have 

^  In  tliis  connection,  see  paper  on  similar  subject:  Some  Properties  of  White 
Metal  Bearing  Alloys  at  Elevated  Temperatures,  by  John  R.  Freeman,  Jr.,  and  R.  W. 
Woodward.     Bureau  of  Standards  Tech.  Paper  188. 

2  A.  S.  T.  M.  Proc.  (1913)  13,  630-665. 
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sufficient  malleability  or  plasticity  to  flow  out  under  excessive  pressure 
and  conform  to  any  irregularities  in  fit  or  alignmeiit  of  the  shaft.  In 
this  connection  it  would  be  interesting  to  note  the  condition  of  the 
test  pieces  as  to  cracking  after  application  of  the  maximum  load  in  the 
tests  given  at  top  of  page  743. 

The  paper  brings  out  the  well-known  differences  in  structure  and 
properties  between  antimonial  lead  and  other  lead-base  or  tin-base  bearing 
metals,  but  does  not  prove  that  antimonial  lead  containing  arsenic  is  as 
good  a  bearing  metal  as  one  without  arsenic;  the  latter  element,  in  fact, 
imparts  some  properties  that  are  detrimental. 

The  paper  is  valuable  in  reporting  experimental  work  that  has  been 
done  and  it  would  be  desii-able  for  the  authors  to  carry  out  the  other 
investigations  suggested. 

William  K.  Frank,*  Pittsburgh,  Pa.— In  the  manufacture  of  rail- 
road-car journal  bearings,  we  have  found  that  the  non-adherence  of 
babbitt  linings  to  the  bronze  backs  is  usually  due  to  arsenic  content  in  the 
babbitt.  Commercial  antimonial  lead,  in  most  cases,  contains  arsenic, 
and  in  the  purchase  of  this  material  we  specify  that  this  should  be  below 
0.25  per  cent.,  which,  in  our  opinion,  is  the  upper  hmit  for  arsenic  where 
good  adherence  is  necessary.  Some  time  ago  we  rejected  a  lot  of  anti- 
monial lead  containing  about  86  per  cent,  lead,  13  per  cent,  antimony,  and 
1  per  cent,  arsenic.  The  seller  would  not  agreed  that  arsenic  caused 
loose  linings,  so  we  lined  twenty  bearings  with  the  antimonial  lead,  as 
received;  these  showed  eighteen  loose  linings.  With  a  mixture  of  half 
antimonial  lead  and  half  new  lead  and  antimony,  in  the  same  proportions, 
nine  loose  linings  resulted  in  twenty  samples.  With  an  all  new  lead  and 
antimony  mixture,  only  one  loose  lining  showed  in  twenty  samples.  As 
arsenic  was  the  only  impurity  present  in  appreciable  amount,  all  present 
agreed  that  the  arsenic  was  responsible  for  the  trouble. 

William  M.  CoRSE,t  Bayonne,  N.  J. — Would  the  addition  of  arsenic 
to  other  metals  produce  the  same  effect,  as  to  refining  of  grain,  that  it 
apparentl}^  does  in  this  combination  of  alloys?  In  other  words,  is  this 
an  inherent  property  of  small  additions  of  arsenic  in  any  of  the  combina- 
tions with  fairly  high  copper? 

William  K.  Frank. — -In  some  experiments  with  arsenic  in  bearing 
bronze  of  approximately  79.75  per  cent,  copper,  10  per  cent,  tin,  10  per 
cent,  lead,  and  0.25  per  cent,  arsenic,  we  found  no  such  marked  refining 
of  the  grain  size  as  noted  in  the  babbitts. 

Harold  J.  Roast. — As  to  the  refining  effect  of  arsenic  in  other  alloys, 
though  I  have  had  a  limited  experience  with  arsenic  alloys,  I  should  say 


*  Vice-president  and  General  Manager,  Damascus  Bronze  Co. 
t  Monel  Metal  Products  Corpn. 
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that  where  tin  is  present  in  white-metal  allo\'s  arsenic  has  the  opposite 
effect.  We  get  the  well-known  bird's-nest  crystals,  and  a  very  coarse 
crystal  is  produced  b}-  a  very  small  amount  of  arsenic  when  tin  is  present. 
It  does  not  necessarily  follow  that  arsenic  will  refine  the  grain  of  metals 
generall}^  because  it  refines  the  grain  in  certain  special  white  metals. 

We  have  not  attempted  to  prove  that  arsenical  alloys  are  necessarih^ 
better  than  others;  careful  reading  of  the  summary  wdll  show  that  the 
facts  found  by  the  practical  tests  have  been  stated  without  recommending 
arsenical  alloys  as  being  superior.  This  paper  gave  the  result  of  tests 
made  largely  according  to  works  practice  under  conditions  that  did 
not  permit  of  exhaustive  investigation. 

The  statement  that  arsenic  tends  to  make  antimonial-lead  alloys 
more  brittle  and  friable  raises  the  question  as  to  whether  the  alloys  are 
made  too  brittle.  Examination  of  the  compression-test  cylinders  show^ed 
clearl}"  that  the  arsenical  alloys  squeezed  down  without  showing  brittle- 
ness  and,  subsequent  inquiries  b}^  the  writers  have  elicited  the  fact  that, 
in  Canada,  arsenical  alloys,  of  the  type  referred  to  in  the  paper,  have 
given  verj'  satisfactor}-  results  in  rolling-mill  practice.  This  would  seem 
to  discredit  the  idea  of  the  alloy  being  of  a  brittle  nature. 

In  regard  to  the  rejection  of  the  figure  for  Brinell  hardness  of  7.6  for 
alloy  4  at  a  temperature  of  212°  F.  w^e  w'ould  say  that  this  figure,  in 
common  wdth  all  the  Brinell  figures,  is  the  result  of  several  tests  on  each 
piece  giving  close  agreement.  Although  theoretically  only  eutectoid 
may  be  present  with  a  slight  excess  of  crystals  of  antimony,  such  condi- 
tions will  not  be  found  under  a  normal  rate  of  cooling  and,  as  already 
stated,  the  object  of  the  authors  was  to  carry  out  the  investigation 
within  reasonable  limits  of  practical  conditions.  Furthermore  we  doubt 
if  the  use  of  a  thermocouple  w'ould  have  given  greater  accuracy  than  the 
thermometer  method,  which  readily  gave  readings  to  1°  F.  It  is  of 
course  obvious  that  the  inverse-rate  method  would  give  a  more  startling 
representation  of  the  thermal  activity,  but  the  time  at  the  disposal  of 
the  investigators  was  not  favorable  to  a  duplication  of  methods  when  the 
practical  results  had  been  obtained. 

We  cannot  see  that  ''the  statement  in  the  summary  that  the  arsenical 
alloys  are  composed  structurally  of  hard  crystals  embedded  in  a  softer 
matrix"  is  misleading.  It  is  a  plain  statement  of  fact  and  is  intended  to 
be  read  as  such;  we  do  not  wish  to  convey-  that  this  is  a  unique  condition 
in  the  case  of  arsenical  alloys.  In  regard  to  the  cracking  of  the  test 
pieces  after  application  of  the  maximum  load,  we  would  say  that  the 
23^^-in.  cylinders  composed  of  the  arsenical  alloys  showed  less  sign  of 
cracking,  and  therefore  of  brittleness,  than  the  other  alloys.  In  testing, 
the  cjdinders  were  squeezed  down  by  the  maximum  load  to  a  height  of 
about  l}i  in. 

The  statement  that  copper  makes  for  a  refinement  of  grain  in  anti- 
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mony  and  lead  alloys  is  undoubtedly  correct,  but  it  does  not  have  nearly 
the  same  refining  effect  as  the  arsenic;  in  other  words,  the  refining  effect 
could  not  be  caused  by  the  slight  differences  in  the  copper  content  of 
alloys  4  and  5.  The  refinement  of  grain  with  arsenic  holds  good  over  a 
large  range  of  temperature.  If  an  alloy  were  cast  at  750°  and  also  at 
1000°,  it  would  be  difficult  to  distinguish  a  difference  in  the  grain,  with 
the  eye. 

Without  going  into  details  of  the  figures,  it  would  seem  to  me,  not- 
withstanding certain  inequalities  of  the  figures  in  connection  with  Brinell 
hardness,  that  undoubtedly  alloy  2,  for  example,  is  much  more  adversely 
affected  by  increase  in  temperature,  considering  that  it  goes  from  19.3  at 
80°  to  8.5  at  300°,  after  which  it  was  too  soft  for  handling,  whereas  the 
arsenical  alloy  is  reduced  from  19  to  9  and  is  quite  solid  at  that  tempera- 
ture, which  of  course  is  borne  out  by  the  curves. 

In  regard  to  the  various  alloys  under  discussion,  the  reason  for  not 
following  an  annealing  process,  or  something  tantamount  to  it,  is  sug- 
gested in  the  summary. 
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Some  Electrical  Properties  of  Nickel  and  Monel  Wires 

By  M.  a.  Hunter,*  F.  M.  Sebast,!  axd  A.  JoxES,t  Troy,  N.  Y. 

(Rochester  Meeting,  June,  1922) 

This  paper  gives  the  results  of  an  investigation  of  the  specific  resis- 
tance and  temperature  coeflacient  of  the  electrical  resistance  of  nickel  and 
its  important  alloy,  monel  metal.  For  most  of  the  pure  metals,  the  tem- 
perature coefficient  of  resistance  is  approximatelj^  0.004  per  degree 
centigrade  at  20°  C.  Nickel  and  iron,  however,  are  exceptions.  This 
property  is  important  as  it  gives  us  good  material  for  the  construction 
of  thermometers  and  other  instruments  involving  electrical  control. 

A  summary  of  information  on  this  subject  has  been  pubHshed  by  the 
Bureau  of  Standards.  ^  The  present  experiments  antedate  this  pubHcation 
by  several  years  and  as  the  information  obtained  is  not  contained  in  it, 
the  results  of  the  experiments  are  published  as  additional  information. 

Electrical  Properties  of  Pure  Nickel 

It  is  generalh'  conceded  that  the  lowest  values  for  electrical  resistance 
are  obtained  in  the  purest  metal.  In  the  case  of  nickel,  the  best  material 
obtainable  is  electrolytic  nickel,  which  contains  approximately  99.80 
per  cent,  nickel,  O.lo  per  cent,  iron,  and  0.05  per  cent,  copper.  Any 
cobalt  that  may  be  present  is  included  in  the  nickel  figure.  If  the  elec- 
trolytic sheet  has  been  deposited  without  intermission,  it  is  possible  to 
cut  a  section  from  the  sheet  and  roll  it  into  wire  without  melting.  By 
this  means  a  nickel  wire  may  be  obtained  that  is  uncontaminated  by 
any  of  the  impurities  always  taken  up  by  nickel  during  melting. 

Two  samples  of  nickel  wire  obtained  from  different  electrolytic  nickels 
had  the  following  electrical  resistance  and  temperature  coefficient  of 
electrical  resistance: 

Specific  Temp.  Coeff. 

SAMPLE  Material  Resistance  per  Deo.  C. 

Ko.  1       Electrolytic  nickel 7.55  0.00559 

No!  2       Electrolytic  nickel 7.60  0.00553 

*  Rensselaer  Polytechnic  Institute.     Director  of  Research,  Driver-Harris  Co. 
+  Russell  Sage  Laboratory,  Rensselaer  Polytechnic  Institute. 
1  U.  S.  Bureau  of  Standards,  Cirmdar  100  (March,  1921). 
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The  specific  resistance  is  given  in  microhms-cms.,  and  the  tempera- 
ture coefficient  per  degree  at  20°  C.  over  the  range  from  20°  to  50°  C. 
The  first  value  given  is  equivalent  to  a  value  of  0.00629  per  degree  C 
at  0°  C. 

It  is  not  feasible,  however,  to  make  nickel  wire  on  a  commercial  scale 
by  this  method.  For  production  in  quantity,  the  metal  must  be  melted, 
cast  into  ingots,  forged,  and  drawn  into  wire.  The  effect  of  melting, 
therefore,  was  investigated.  A  sample  of  electrolytic  metal  was  melted 
under  ideal  conditions  in  an  alundum  crucible  in  the  Arsem  vacuum  fur- 
nace. This  material,  when  worked  down  to  wire,  had  a  specific  resistance 
of  7.87  and  a  temperature  coefficient  of  0.00541.  This  shows  that,  even 
under  ideal  conditions,  the  melting  process  results  in  a  deterioration  of 
the  electrical  properties  of  the  material. 

Effect  of  Impurities 

It  is  considered  good  practice,  in  the  melting  of  nickel,  to  add  mangan- 
ese to  the  molten  bath  in  order  to  increase  the  forgeability  of  the  ingots, 
so  that  the  three  principal  impurities  in  commercial  nickel  wire  are  cobalt, 
iron,  and  manganese.  The  effect  of  these  was  found  by  adding  1  per 
cent,  of  each  to  electrolytic  nickel  in  successive  experiments.  The  melts 
were  made  in  alundum  crucibles,  in  vacuum,  and  gave  the  fol- 
lowing results: 

Material  Added  Specific  Resistance        Tempebatuhb 

Coefficient 

Cobalt 8.38  0.00521 

Iron 8.82  0.00490 

Manganese 9.41  0.00459 

The  addition  of  each  of  these  constituents  lowers  the  electrical  quali- 
ties of  the  material,  manganese,  however,  having  the  greatest  effect. 
When  the  metal  is  melted  in  air,  the  chance  for  the  absorption  of  impurities 
is  materially  increased.  An  electrically  heated  furnace  was  constructed 
with  a  carbon  resistor,  and  5  lb.  of  nickel  was  melted  in  it  under  a  glass 
slag  in  a  clay-lined  crucible.  When  the  metal  was  melted,  manganese 
or  aluminum  was  added.     The  results  obtained  were  as  follows: 

Material  Added  Temperature  Coefficient 

No.  1  0.25  per  cent,  manganese ,  .  , .  .  0.00460 

No.  2  0.63  per  cent,  manganese 0.00452 

No.  3  1 .00  per  cent,  manganese 0.00367 

No.  4  0.50  per  cent  aluminum 0.00368 

No.  5  1 .00  per  cent,  aluminum 0.00285 

Melt  No.  1  gave  a  porous  casting,  as  too  little  manganese  was  added  to 
deoxidize  the  melt  completely.     Melts  Nos.  2  and  3  were  sound.     In 
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melts  Nos.  4  and  5,  the  metal  was  treated  with  aluminum  immediately 
before  pouring.  The  cast  bars  had  an  excellent  appearance  but  the  metal 
was  finely  granular  and  not  fibrous.  Such  additions  of  aluminum  are  of 
no  value  in  melting  nickel  where  a  high  temperature  coefficient  is  required 
in  the  material.  The  use  of  aluminum  (and  magnesium)  must  be  con- 
fined to  the  very  small  additions  used  for  final  deoxidation. 

As  the  quality  of  the  nickel  is  affected  by  this  method  of  melting,  it 
was  reasonable  to  suppose  that  the  time  taken  to  melt  the  metal  should 
influence  the  material  to  a  considerable  degree.  Accordingly,  a  succession 
of  melts  were  made.  For  the  first  melt,  the  furnace  required  45  min.  to 
reach  the  melting  point  of  nickel.  The  last  melt  was  cast  12  min.  after 
the  introduction  of  the  cold  charge.  The  nickel  used  was  electrolytic 
sheet,  to  which  0.75  per  cent,  manganese  was  added  in  each  case.  The 
following  results  were  obtained  from  the  separate  melts: 


Melt 

Specific  Resistance 

Temper.\ture  Coefficient 

No.  1  (4.5  min.) 

9.75 

0.00448 

No.  2 

8.80 

0.00462 

No.  3 

8.67 

0.00484 

No.  4 

8.64 

0.00484 

No.  5  (12  min.) 

9.12 

0.00490 

An  analysis  of  this  last  material  showed  the  following  constituents: 
Nickel,  99.22  per  cent.,  manganese,  0.59  per  cent.,  iron,  0.14  per  cent., 
copper,  0.03  per  cent.,  carbon,  0.00  per  cent. 

These  experiments  indicate  the  conditions  that  must  be  observed  to 
secure  a  nickel  wire  with  the  highest  possible  temperature  coefficient  of 
electrical  resistance.  The  nickel  must  be  the  finest  available.  The 
additions  of  manganese  must  be  as  small  as  is  compatible  with  subsequent 
forgeabilit3^  The  time  taken  to  melt  should  be  a  minimum,  in  order  that 
the  molten  material  shall  be  exposed  for  as  short  a  period  as  possible  to 
the  effect  of  furnace  gases.  If  these  conditions  are  met,  a  high-grade 
nickel  wire  can  be  readily  produced. 

Commercial  Alloys  of  Nickel 

Malleable  nickel  ingots  are  produced  in  several  grades.  The  most 
important  are  grades  A,  C,  and  D  nickel.-  In  view  of  the  fact  that  nickel 
has  a  high  temperature  coefficient  at  low  temperatures  and  also  a  high 
resistance  to  oxidation  at  high  temperatures,  it  was  thought  advisable 
to  investigate  the  temperature  coefficient  of  the  material  at  high  tem- 


2  See  Bureau  of  Standards  Circular  100. 
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peratiire.     To  this  end,  the  resistances  of  samples  of  these  various  mate- 
rials were  measured  over  the  range  from  20°  to  1000°  C. 

Monel  metal,  an  alloy  containing  67  per  cent,  nickel,  28  per  cent, 
copper  and  5  per  cent,  other  metals  (chiefly  iron,  manganese  and  silicon) 
is  similar  to  nickel  in  that  it  has  a  high  temperature  coefficient,  so  a  sam- 
ple of  this  material  was  subjected  to  the  same  investigation.  Exact 
analyses  of  the  materials  used  are  not  at  present  completed,  but  will  be 
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added  to  the  report.  The  resistances  of  the  various  materials  at  different 
temperatures,  based  on  1  ohm  at  20°  C,  are  given  in  Table  1,  the  val- 
ues being  taken  from  Fig.  1.  The  breaks  in  the  individual  curves  show 
the  transformation  point  of  nickel  in  each  alloy.  For  grade  A,  the  trans- 
formation point  is  approximately  350°  C,  for  grade  C,  320°  C,  for  grade 
D,  275°  C,  and  for  monel  metal  below  100°  C. 

In  further  investigating  the  transformation  point  of  monel  metal,  the 
resistance  of  a  sample  was  taken  over  the  range  from  20°  C.  to  160°  C. 

VOL.  LX^'iii. — 48 
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Table  1. — Resistances  of  Nickel  and' Monel  Metal  at  Different 

Temperatures 


Temperature, 

Nickel 

Monel 

Degrees  C. 

Grade  A 

Grade  C 

Grade  D 

Metal 

20 

1.00 

1.00 

1.00 

1.000 

100 

1.43 

1.36 

1.29 

1.157 

200 

2.06 

1.90 

1.68 

1.217 

275 

2.04 

300 

2.83 

2.58 

2.10 

1.254 

325 

3.07 

2.74 

350 

3.28 

2.85 

400 

3.52 

3.02 

2.31 

1.294 

500 

3.87 

3.26 

2.46 

1.339 

600 

4.15 

3.49 

2.62 

1.384 

700 

4.44 

3.61 

2.78 

1.434 

800 

4.73 

3.96 

2.94 

1.488 

900 

5.04 

4.22 

3.13 

1.550 

1000 

5.38 

4.50 

3.32 

1.626 
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The  observed  values  are  plotted  in  Fig.  2,  from  which  the  values  given 
in  Table  2  are  taken.  Fig.  2  shows  that  the  transformation  point  is 
93°  C. 

Table  2. — Resistance  of  Monel  Metal  at  Different  Temperatures 


Temperature, 
Degrees  C. 

Resistance, 
in  Ohms 

Temperature, 
Degrees  C. 

Resistance, 
in  Ohms 

20 

1.0000 

100 

1.1508 

30 

1.0210 

110 

1598 

40 

1.0420 

120 

1685 

50 

1.0629 

130 

1753 

60 

1.0840 

140 

1830 

70 

1 . 1053 

150 

1890 

80 

1 . 1255 

160 

1942 

90 

1 . 1400 

170 

The  specific  resistances  of  the  samples  investigated  were : 

Specific  Resistance  at 
Material  20°  C,  Ohms  per  Mil.-ft. 

Grade  A  nickel 64 

Grade  C  nickel 84 

Grade  D  nickel 117 

Monel  metal 268 


These  values,  together  with  the  values  given  for  the  temperature  coeffi- 
cient of  each  metal,  will  give  the  specific  resistance  of  the  material  at 
any  temperature. 

The  composition  of  the  wires  mentioned  in  this  paper  are  as  follows: 


Carbox,    Mangane.se,    Silicon,       Nickel,       Copper,         Iron, 
Per  Cent.  Per  Cent.    Per  Cent.  Per  Cent.  Per  Cent.  Per  Cent. 


Grade  A  nickel 0.08 

Grade  C  nickel 0.22 

Grade  D  nickel 0.08 

Monel 0.16 


0.08           0.03 

98.85 

0.24 

0.65 

2.10           0.18 

96.15 

0.40 

0.89 

4.75           0.13 

94.10 

0.16 

0.74 

1..50           0.11 

68.10 

27.66 

2.40 

Summary 

1.  Pure  nickel  with  a  low  specific  resistance  and  high  temperature 
coefficient  maj^  be  produced  by  melting  electrolytic  nickel  with  the  addi- 
tion of  a  minimum  amount  of  manganese.  The  time  for  melting  is  a 
material  factor  in  the  production.  The  effect  of  various  impurities  is 
also  indicated. 

2.  The  variation  of  resistance  with  temperature  for  various  grades 
of  commercial  nickel  and  of  monel  metal  has  been  investigated.  From 
the  resistance-temperature  curves,  the  transformation  points  have  been 
obtained. 
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Experiments  with  Sherardizing 

Br  Leon  McCulloch,*  East  Pittsburgh,  Pa. 

(New  York  Meeting,  February,  1922) 

When  clean  iron  and  metallic  zinc  dust,  protected  from  the  air,  are 
heated  below  the  melting  point  of  zinc,  the  iron  takes  on  a  coating  that 
has  excellent  protective  value.  This  coating  is  a  brittle  alloy  of  zinc  and 
iron,  and  the  process  is  called  sherardizing.  Although  the  zinc  particles 
are  covered  with  oxide  and  cannot  touch  the  iron,  an  extremely  small 
amount  of  the  zinc  vaporizes  and  the  vapor,  reaching  the  iron,  alloys  with 
it.  Other  zinc  then  vaporizes  to  replace  that  which  has  been  removed 
from  the  atmosphere.  This  process  continues  indefinitely  at  a  decreasing 
rate,  for  the  coating  already  formed  permits  zinc  to  diffuse  through  it  to 
combine  with  the  iron  beneath.  In  this  way,  the  coating  grows  outward 
from  the  surface  of  the  iron,  as  the  bark  grows  from  a  tree. 

The  method  of  growth  was  clearly  seen  while  sherardizing  small  cubes 
of  cast  iron,  at  about  450°  C,  in  a  small  glass-stoppered  bottle  enclosed  in 
a  rotating  drum.  The  dust  contained  about  3  per  cent,  iron,  which  pre- 
vented caking,  and  coatings  }4,  in.  thick  were  grown  in  a  few  hours.  After 
a  heavy  layer  had  been  formed,  the  cubes  were  again  treated  for  a  shorter 
time.  The  layer  last  formed  was  seen  to  lie  next  to  the  iron,  instead  of  at 
the  outer  surface,  showing  that  the  growth  was  from  the  surface  of  the 
iron  outward.  The  coatings  split  at  the  edges  and  corners,  leaving 
the  iron  exposed  there.  Flakes  of  graphite  from  the  iron  were  lifted 
upward  and  embedded  in  the  coatings. 

The  composition  of  sherardized  coatings  varies  from  the  outer  surface 
inward,  as  would  be  expected  from  the  mode  of  growth.  That  is,  the  iron 
content  increases  slowly  at  first,  then  more  rapidly  as  the  iron  is 
approached.  At  the  surface  the  least  amount  of  iron  possible  is  6  per 
cent.,  as  the  experiments  described  below  have  shown. 

A  study  was  made  of  the  effect  of  iron  in  zinc  dust  on  the  process  and 
on  the  resulting  coatings.  Glass  bulbs,  holding  the  small  pieces  to  be 
sherardized,  together  with  enough  zinc  dust  to  make  them  two-thirds  full, 
were  heated  in  a  small,  rotating  electrically  heated  and  controlled  furnace. 
The  bulbs  had  6-in.  (15  cm.)  necks,  of  ^^-in.  (9.5  mm.)  tubing,  plugged 

*  Research  Engineer,  Westinghouse  Electric  &  Mfg.  Co. 
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with  asbestos  and  zinc  dust  to  absorb  oxygen  tliat  otherwise    would 
diffuse  inwardly  and  oxidize  the  contents  of  the  bulbs. 

The  dusts  contained  iron  in  amounts  varying  from  0  to  26  per  cent. 
They  were  prepared  by  mixing  200-mesh  zinc  in  the  desired  proportions 
with  powdered  electrolytic  iron  of  the  same  fineness.  These  mixtures, 
before  using,  were  heated  until  the  iron  particles  had  been  thoroughly 
alloyed.  The  dusts  containing  less  than  20  per  cent,  iron  were  no  longer 
magnetic,  so  that  magnetic  separation  of  the  iron  w^as  impossible.  Only 
oxidized  particles  or  free  iron  could  then  be  taken  out.  (In  these  dusts, 
pieces  of  very  thin  iron  foil  were  placed  and  heated  for  long  periods,  until 
it  was  thought  that  they  had  taken  up  all  the  zinc  possible.  In  order  to 
hasten  the  action,  the  foil  before  using  was  converted  into  an  alloy  with  50 
per  cent,  zinc,  by  heating  to  redness  in  a  dust  containing  30  per  cent,  iron.) 
The  alloyed  strips  after  the  long  heating  in  these  dusts  were  carefully 
freed  from  dust  and  were  analyzed.     The  results  were  as  follows: 

Per  Cent.  Iron  Found  in  Resulting  Allots  After 
Iron  in  Dust.  2  Days  3  Days  5  Days  14  Days  45  Days 

Percent.  365°  C.  415°  C.  415°  C.  415°  C.  415°  C. 

0  6.1                  6.0                                         6.0                  6.15 

3  6.3                                         6.0 

5  6.10 

7  7.81 

9  11.13 

10  14.1  15.5 

11  14.9 
14                                                                                            20.2 

18  21.7 

22  27 . 7 

26  43.6 

From  the  curve  between  iron  in  the  dusts  and  iron  in  the  resulting 
alloys,  certain  conclusions  can  be  drawn: 

It  is  evident  that  no  part  of  a  sherardized  coating  can  contain  less 
than  6  per  cent,  iron,  as  heating  even  for  45  days  fails  to  lower  the 
amount.  When  the  dust  contains  less  than  6  per  cent,  iron,  the  resulting 
alloy  contains  6  per  cent.  As  the  iron  is  increased  from  6  to  about  10 
per  cent,  the  composition  of  the  alloy  changes  proportionally.  This 
indicates  the  existence  of  the  solid  solution  n,  varying  in  composition  from 
6  to  10  per  cent.  iron.  When  the  iron  in  the  dust  exceeds  10  per  cent., 
the  composition  of  the  alloy  changes  rapidly  to  about  20  per  cent.  And 
when  20  per  cent,  iron  in  the  dust  is  exceeded,  the  iron  in  the  alloy  rises 
abruptly  to  a  high  value;  the  compound  FeZus  is  thus  indicated. 

These  results  are  in  general  accord  with  the  well-known  equilibrium 
diagram  for  the  zinc-iron  alloys.^     There  is  this  material  difference: 

»  G.  H.  Gulliver:  "Metallic  Alloys,"  336.  Ed.  3.  London,  1919.  Griffin  &  Co., 
Ltd;  Von  U.  Raydt  and  G.  Tammann:   Zeit.  Anorg.  Chetn.  (1913)  83,  257-266. 
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These  results  show  iron  to  be  insoluble  in  zinc  at  temperatures  below 
the  melting  point,  while  the  diagram  indicates  a  solid  solution  containing 
about  1  per  cent.  iron. 

The  indicated  constituents  of  a  sherardized  coating  are  the  following : 
The  solid  solution  n,  varying  in  composition  between  6  and  10  per  cent, 
iron;  the  compound  FeZug;  and  possibly  the  20  per  cent,  solution  of  zinc 
in  iron  described  by  Raydt  and  Tammann.  Next  to  the  iron  is  the  sohd 
solution  of  zinc  in  iron,  in  amounts  too  small  to  be  detected ;  then  there 
is  a  very  thin  layer  of  the  compound  FeZug,  and  beyond  this  the  relatively 
thick  layer  of  soHd  solution  n,  on  which  the  protection  of  the  iron  depends. 
FeZus  can  have  little  protective  value,  for  it  readily  rusts  when  placed  in 
water.  For  example,  coatings  formed  in  dust  containing  11  per  cent, 
iron  immediately  rusted  in  salt  spray,  while  coatings  formed  in  dust  with 
9  per  cent,  iron  showed  good  resistance. 

The  iron  content  in  a  dust  should  be  low,  but  there  is  some  question 
as  to  what  the  limits  should  be.  "Dross"  dust  containing  iron  is  cheap 
and  the  percentage  of  iron  increases  with  use,  as  zinc  is  removed  while  the 
iron  remains.  Iron  in  dust  is  useful  as  it  raises  the  melting  point  and  pre- 
vents fusing  or  caking  when  a  high  temperature  is  used  to  give  rapid 
deposition.  Iron,  however,  rapidly  lowers  the  rate  of  deposition,  making 
it  necessary  to  employ  higher  temperatures,  as  the  following  figures  show: 

Temperature  to  Deposit 


BON  IN  Dust, 
Per  Cent. 

0.1 

G.  Zinc  per  Hour, 
Degrees  G. 

0 

375 

5 

400 

7 

450 

10 

Above  600  (?) 

From  these  figures,  it  is  concluded  that  the  iron  content  should  not 
exceed  7  per  cent.  An  analysis  of  the  dust  should  include  the  metallic 
iron.  The  important  thing  is  the  ratio  of  the  metallic  iron  to  the  metallic 
zinc,  rather  than  the  percentage  of  iron  to  the  total  dust. 

Life  tests  show  that  there  is  a  minimum  weight  of  zinc  per  square  inch 
necessary  for  good  coatings;  to  test  the  value  of  sherardizing,  the  weight 
of  zinc  should  therefore  be  determined.  There  are  various  proposed 
methods  for  doing  this.  One  approximate  way  is  by  the  Preece  or  copper- 
sulfate  test. 

A  new  method  depends  on  the  fact  that  a  boiling  10  per  cent,  solution 
of  ammonium  chloride  removes  zinc  from  sherardized  coatings  rapidly, 
but  does  not  dissolve  iron  until  the  zinc  is  practically  gone.  This  test  may 
be  applied  in  two  ways:  The  coating  is  completely  removed  and  its 
amount  determined  by  loss  in  weight;  or  the  weight  of  the  coating  is 
found  approximately  by  noting  the  time  for  iron  to  appear  in  the  boiling 
solution.     At  each  5  min.  interval  a  drop  of  the  solution  is  removed  upon 
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a  spot-plate  and  tested  with  potassium  ferrieyaiiide  for  the  presence  of 
iron.  When  the  bhie  color  appears,  the  coating  is  gone,  and  the  time  is  a 
measure  of  the  weight  of  zinc.  A  good  coating  should  withstand  this 
test  for  10  or  15  minutes. 

A  comparison  of  short-time  rusting  tests,  such  as  the  salt  spraj^,  with 
tests  in  actual  service,  shows  that  rusting  in  the  short-time  tests  does  not 
necessarily  mean  a  short  life  in  service.  The  rapid  rusting  tests  are, 
however,  of  value  in  judging  the  quality  of  a  coating,  when  an  actual 
determination  of  the  weight  of  zinc  is  made  at  the  same  time.  These  two 
methods  of  testing  should  supplement  each  other. 

DISCUSSION 

Fred  L.  Wolf,*  jNIansfield,  Ohio. — IMarshall  also  found  that  if  he 
sherardized  at  370°  or  less,  for  a  period  of  3  hr.,  he  had  three  iron- 
zinc  layers.  If  his  temperature  or  his  time  was  increased  beyond  that 
point,  he  had  five  layers.  It  would  be  rather  difficult  to  find  the  exact 
composition  of  those  layers. 

The  author's  theory  is  that  the  deposition  is  due  to  the  formation  of 
vapor,  which  is  absorbed.  Is  it  necessary  that  the  pieces  be  in  actual 
contact  with  the  zinc  at  all  times,  or  would  it  l^e  possible  to  sherardize 
by  having  the  samples  in  the  air-tight  zinc  receptacle,  and  would  particles 
that  were  not  submerged  in  the  zinc  sherardize?  I  have  made  a  few 
experiments,  putting  plain  steels  in  an  air-tight  receptacle  and  heating 
them  beyond  the  sherardizing  temperature,  Ijut  I  have  not  found  that  the 
deposit  went  aljove  the  point  of  contact  in  dust. 

Leon  McCulloch. — To  sherardize  at  a  distance,  it  is  necessary  to 
have  a  verj^  long  time,  or  else  do  it  in  an  evacuated  vessel,  so  that  the 
molecules  of  zinc  have  a  free  path  anji  can  diffuse  rapidly  to  the  iron. 
The  atmosphere  of  the  drum  must  be  free  of  oxygen,  or  the  zinc  will  be 
changed  to  oxide  before  reaching  the  iron.  Usually  it  is  the  presence  of 
oxygen  that  prevents  the  sherardizing  of  parts  not  actually  in  contact 
with  the  zinc  dust. 

Willis  M.  Peirce,!  Palmerton,  Pa. — In  the  last  few  months,  I  have 
made  microscopical  examinations  of  zinc  coatings  of  various  kinds, 
including  some  sherardized  specimens.  I  have  also  done  some  work  on 
the  constitution  of  iron-zinc  alloys,  and  I  agree  with  the  author  that  zinc 
cannot  hold  1  per  cent,  of  iron  in  solid  solution.  The  author  does  not 
mention  the  compound  FeZnr,  which  contains  10.2  per  cent,  iron  but 
holds  zinc  in  solid  solution  up  to  a  composition  of  approximately  7  per 
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cent.  ii-o]i;  this  ('onipoiiiid  would  correspond  ((uilc  closely  with  the  0  per 
cent,  alloy  mentioned  Ijy  him. 

While  I  have  not  examined  many  specimens,  I  have  not  seen  a  sherard- 
ized  coating  that  bore  a  strong  resemblance  to  the  solid  solution  of  zinc 
in  FeZnr  containing  approximately  7  per  cent.  iron.  Galvanized  coatings 
have  a  distinct  layer  of  approximately  that  composition,  but  I  have  not 
seen  a  sherardized  coating  the  main  part  of  which  I  could  identify  as  that 
alloy.  I  am,  therefore,  inclined  to  doubt  whether  the  composition  of  a 
typical  commercial  sherardized  coating  is  uniformly  that  high  in  iron 
from  the  surface  of  the  coating  to  its  junction  with  the  iron  base. 

Has  an  analysis  been  made  of  a  commercial  sherardized  coating 
stripped  from  the  iron  base  with  hydrochloric  acid?  That  method  of 
stripping  sherardized  coatings  is  simple  and  should  be  an  easy  method  of 
determining  the  average  iron  content  of  a  sherardized  coating. 

Jesse  L.  Jones,*  Pittsburgh,  Pa.,  (written  discussion). — Sherardizing 
has  been  exploited  more  than  it  deserves.  No  better  coating  can  be 
obtained  than  is  produced  by  a  molten  bath  of  electrolytic  or  similar 
high-grade  zinc;  this  gives  a  thin,  hard,  tough  coating  that  will  last  a 
lifetime  even  under  severe  conditions  of  service.  The  sherardized  coating, 
on  the  other  hand,  is  always  weak  and  brittle.  If  the  work  is  well  done, 
the  coating  usually  has  a  long  hfe;  but  in  many  cases  the  coating  is  of 
variable  thickness,  especially  wdiere  there  are  recesses.  In  such  cases 
the  coating,  to  use  an  expression  current  with  electroplaters,  "does  not 
throw  well."  With  the  hot  galvanized  coating,  any  bare  spots  on  an 
article  can  be  rubbed  with  sal-ammoniac  by  the  galvanizer  until  well 
coated  with  zinc.  Thin  spots  or  defective  places  on  sherardized  articles 
cannot  be  detected  by  visual  inspection  or  remedied.  Where  sherardizing 
is  necessary,  as  in  the  case  of  threaded  bolts,  nuts,  etc.,  much  better 
results  are  obtained  by  using  a  zinc  dust  under  80  per  cent,  metallic  zinc 
and  maintaining  a  temperature  in  excess  of  375°  C,  as  intimated  by 
the  author. 

0.  W.  Stoeey,  Madison,  Wis.  (written  discussion). — From  the  first 
paragraph,  it  is  evident  that  the  author  regards  sherardizing  as  a  vapor 
process.  I  do  not  agree  with  him;  although  zinc  vapor  has  some  action, 
part  of  the  sherardizing  action  is  caused  by  the  actual  contact  of  the 
zinc  and  the  iron.  The"  almost  negligible  vapor  pressure  of  zinc  at  the 
temperature  at  which  sherardizing  may  be  done  makes  it  impossible  to 
believe  that  the  action  is  entirely  due  to  the  zinc  vapors.  This  matter 
has  been  discussed  elsewhere.-     It  has  been  my  experience  that,  on  a 
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commercial  scale,  it  is  impossible  to  sherardize  at  low  temperatm-es  unless 
the  zinc  dust  is  in  actual  contact  with  the  iron.  If  there  is  the  slightest 
cavit}^  in  the  zinc  dust,  when  a  stationary  process  is  used,  the  iron  will 
not  be  coated. 

The  work  of  the  author  in  determining  the  definite  amount  of  iron  in  a 
sherardized  coating  is  interesting  and  instructive,  although  misleading 
deductions  may  be  made  from  this  work.  Sherardized  iron  has  several 
layers  of  zinc-iron  alloys  and  the  layer  richest  in  zinc  will  contain  about 
6  per  cent,  of  iron.  It  must  be  borne  in  mind,  however,  that  in  actual 
sherardizing  the  presence  of  the  iron  base  tends  to  increase  the  amount  of 
iron  in  the  sherardized  coating,  and  the  higher  the  temperature  the  smaller 
is  the  amount  of  the  zinc-iron  alloy  high  in  zinc.  With  low-temperature 
sherardizing,  the  6  per  cent,  alloy  will  form  the  bulk  of  the  coating, 
whereas  with  high-temperature  sherardizing  the  6  per  cent.  aUoy  wiU 
form  a  small  part  of  the  coating.  The  presence  of  the  base  iron  is  the 
important  feature  in  the  commercial  process  and  the  deduction  must 
not  be  drawn  that  a  zinc  dust  low  in  iron  will  give  a  coating  that  contains 
but  6  per  cent.  iron.  The  sherardized  article  may  have  a  thin  superficial 
layer  of  relatively  pure  zinc  on  the  outside,  the  formation  of  which  may  be 
caused  by  mechanical  inclusions.  An  interesting  fact  is  that  pure  zinc 
cannot  be  sherardized;  that  is,  a  deposit  of  zinc  cannot  be  formed  on 
pure  zinc  when  introduced  into  the  sherardizing  drum. 

In  discussing  the  zinc-iron  aUoys,  the  author  does  not  mention  the 
equihbrium  diagrams  of  Wologdine  and  Von  Vegesack.  These  diagrams 
differ  somewhat  and  for  that  reason  the  exact  nature  of  the  zinc-iron 
alloy  formed  by  sherardizing  is  in  doubt.  It  is  my  behef  that  a  true 
compound  of  iron  and  zinc  is  formed  containing  from  7  to  8  per  cent.  The 
exact  formula  for  this  compound  is  not  known,  although  it  is  somewhere 
in  the  neighborhood  of  FeZnio,  this  may  be  deduced  from  the  diagram  of 
Wologdine.  Experimentally,  if  iron  is  added  to  zinc,  a  microscopic 
examination  shows  that  a  hard  crystaUine  material  that  separates  from 
the  pure  zinc  is  formed.  These  crystals  increase  with  the  iron  content 
and  at  about  7  to  8  per  cent,  occupy  the  entire  field.  The  cj'stals  have 
a  high  melting  point  and  are  the  cause  of  the  mushy  consistency  of  dross 
when  removed  from  galvanizing  pots.  If  the  iron  content  is  increased 
to  about  8  per  cent.,  a  high  melting  point  alloy  is  formed  corresponding 
about  to  the  formula  FeZuio.  If  this  alloy  is  poured  into  spelter  molds 
and  allowed  to  cool,  it  expands  and  rises  much  as  bread  during  baking. 
The  resulting  alloy  is  a  mass  of  loose  crystals,  which  may  be  used  for 
sherardizing.  This  is  one  method  of  manufacturing  dross  ciystals 
for  sherardizing. 

When  two  metals  alloy  in  the  sherardizing  process,  metallic  com- 
pounds are  formed.  If  zinc  is  coated  (in  a  manner  similar  to  sherardizing) 
by  other  metals,  compounds  apparently  are  formed.     This  formation  of 
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compounds  is  well  illustrated  when  copper  is  sherardized.  Two  alloys  of 
copper  and  zinc  are  formed,  one  high  in  copper  and  conforming  to  the 
formula  CuZn  and  the  other  high  in  zinc  and  conforming  to  the  compound 
CuZn2.  These  two  compounds,  together  with  the  copper  base,  illustrate 
the  alloying  action,  for  the  high-zinc  alloy  on  the  outside  is  white  and 
hard,  and  the  alloy  in  the  center  brass-colored.  When  copper  is  "sher- 
ardized" in  metalhc  antimony,  two  layers  are  formed,  one  being  the 
purple  SbCu2.  From  these  data,  it  would  appear  that  a  zinc-iron  alloy  in 
the  form  of  a  definite  compound  is  formed  rather  than  a  solid  solution,  as 
indicated  by  the  author. 

My  experiments  on  large-scale  operations  with  dross  crystals  bear  out 
the  statements  by  the  author  that  this  dross  may  be  used,  but  a  higher 
temperature  is  necessary.  While  on  a  commercial  scale  the  iron  content 
of  the  dross  crystals  after  continued  use  did  not  increase,  which  is 
contrary  to  the  statement  of  the  author,  there  are  many  other  factors 
that  must  be  considered  in  commercial  work. 

It  has  been  my  experience  that  when  the  iron  content  of  a  coating 
increases  to  about  15  per  cent.,  the  sherardized  coating  does  not  show 
sufficient  resistance  to  rusting.  Such  a  coating  has  a  relatively  thin  layer 
of  the  author's  6  per  cent,  alloy  protecting  the  FeZus,  or  high-iron  alloy, 
forming  the  bulk  of  the  coating.  This  high  iron  content  may  be  due  to 
high  temperatures  in  the  process  or  to  a  high  iron  content  of  the  sher- 
ardizing  material,  which  in  turn  requires  a  higher  temperature.  By 
using  a  low  temperature  with  a  zinc  dust  of  high  metallic  content,  or  a 
clean  dross  dust,  it  is  possible  to  obtain  a  coating  that  does  not  turn  red 
with  rust  and  is  highly  resistant  to  weathering.  The  coating,  instead  of 
turning  rusty,  gradually  turns  to  a  gray  and  finally  to  a  deep  brown  black, 
indicative  of  a  magnetic  iron-oxide  coating. 

The  work  of  the  General  Electric  Co.  along  this  line  is  of  much  impor- 
tance and  shows  the  necessity  of  using  a  zinc  dust  high  in  metallic  zinc 
so  that  a  low  temperature  may  be  used.  It  shows  that  the  tendency  is 
for  the  coatings  to  be  porous  wdth  a  low  metallic-zinc  content,  and  that 
a  porous  coating  is  less  resistant.  The  inclusion  of  this  zinc  oxide  in  the 
coating  also  indicates  that  the  sherardizing  action  is  caused,  in  a  large 
measure,  by  an  actual  contact  alloying. 

David  R.  Kellogg,  East  Pittsburgh,  Pa.* — The  point  that  should  be 
emphasized  is  not  the  extent  of  vapor  pressure  nor  the  magnitude,  but 
the  rate  at  which  it  is  maintained,  because  one  may  have  an  almost 
infinitely  low  vapor  pressure  and,  granted  that  it  could  be  maintained, 
one  may  expect  a  deposition  of  any  magnitude  desired. 

The  remarks  about  the  composition  of  the  dust  recalled  an  experience 
we  had  when  trying  to  determine  the  metallic  zinc  content  of  sherardizing 
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du.st.  One  man,  who  alone  could  get  the  same  results  twice,  treated  the 
zinc  dust  with  ferric  chloride  at  the  proper  temperature,  which  he  deter- 
mined by  touching  the  flask,  for  10  min.,  and  then  titrated  with  perman- 
ganate. This  is  a  rather  difficult  procedure,  as  the  highly  colored  ferric- 
chloride  solution  masks  the  color  change  of  the  permanganate.  Our 
present  method  is  to  treat  a  J^-gm.  sample  of  the  dust  with  50  cc.  of  ferric- 
chloride  solution  (300  gm.  per  liter)  for  10  min.  at  60°  to  70°.  Then  the 
flask  and  contents  are  cooled,  30  cc.  of  30  per  cent.  H2SO4  added,  and 
titrated  with  K2Cr207,  using  the  electrometric  method  of  titration.  We 
used  a  250-cc.  Florence  flask,  provided  with  a  two-hole  rubber  stopper,  in 
one  hole  of  which  is  an  inlet  tube  and  in  the  other  a  Bunsen  valve.  Before 
adding  the  ferric  chloride,  we  pass  natural  gas  through  the  flask  a  few 
moments  to  prevent  oxidation.  This  titration  with  clichromate  is.  easy 
when  the  electrometric  method  is  used,  as  colored  solutions  cause  no 
difficult}^  and  no  judgment  is  required.  The  figure  obtained  by  this 
titration  must  be  corrected  for  the  metallic  iron  present,  which  is  obtained 
b}'  dissolving  }•?  gm.  of  the  dust  in  H2SO4  and  then  titrating  electro- 
metrically  with  dichromate.  Then  13^2  times  the  number  of  cubic  centi- 
meters used  in  the  iron  titration  is  subtracted  from  the  figure  obtained 
in  the  first  titration,  which  gives  the  true  metallic  zinc  equivalent. 

William  H.  Finkeldey,  Palmerton,  Pa. — What  effect  has  the  size 
of  the  particles  of  zinc  dust  on  the  character  or  quality  of  the  coat- 
ing produced? 

Leon  ]\IcCulloch. — I  have  not  made  any  experiments  with  zinc  dust 
of  various  finenesses.  I  am  convinced,  however,  that  as  long  as  the  dust 
is  within  reasonable  fineness,  good  sherardizing  can  be  done  with  it.  The 
main  thing  is  to  maintain  the  amount  of  zinc  in  the  dust  and  maintain 
the  proper  proportion  of  iron  to  metallic  zinc. 

Fred  L.  Wolf. — We  have  found  that  the  thicker  coating  does  not 
necessarily  mean  better  protection.  If  the  coating  was  put  on  at  around 
370°  C.  and  averaged  3^^  to  1}^  oz.  per  sq.  ft.,  we  succeeded  in  holding 
it  in  the  salt  spray  without  rusting  for  170  hr.;  if  the  coating  exceeded 
13^^  oz.  per  sq.  ft.  the  protection  was  no  better;  in  other  words,  1^^  oz. 
seemed  to  be  about  the  point  where  the  curve  went  the  other  way. 

L.  H.  Marshall,*  Washington  D.  C.  (written  discussion). — Sher- 
ardizing, from  both  the  theoretical  and  the  practical  viewpoints,  is  a 
most  interesting  process  and  an  inviting  field  for  investigation.  As  the 
effects  of  many  of  the  factors  are  problematic,  new  data,  such  as  those 
contained  in  this  paper,  are  welcome.  Three  of  the  statements,  however, 
seem  open  to  question.  The  author  concludes  that  6  per  cent,  is  the 
smallest  amount  of  iron  that  can  possibly  be  present  in  any  part  of  the 
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sherardizing  coating.  This  assertion  is  evidently  based  on  the  fact  that 
6  per  cent,  was  the  average  iron  content  of  the  thin  strips  of  iron-zinc 
alloy  that  were  heated  for  a  long  time,  up  to  45  days,  at  415°  C.  in  iron- 
free  zinc  dust;  the  assumption  apparently  was  made  that  the  composi- 
tion of  the  resulting  iron-zinc  alloy  was  uniform  throughout.  Such  an 
assumption  is  not  warranted  unless  some  information  derived  by  micro- 
scopic inspection,  sectional  analyses,  or  the  hke  is  at  hand;  the  ehmi- 
nation  of  variations  in  composition  by  heat  treatment  alone  is  frequently 
impossible.  Peirce  states^  that  even  very  small  amounts  of  the  con- 
stituent FeZn?  in  a  matrix  of  zinc  remain  unabsorbed  after  annealing  at 
400°  C.  for  110  hr.  It  may  well  be,  therefore,  that  the  samples  produced 
by  McCuUoch  were  not  uniform  in  composition  but  consisted  of  a 
series  of  layers  of  iron-zinc  alloys  of  varying  composition.  If  such  is  the 
case,  the  conclusion  as  to  the  smallest  amount  of  iron  possible  in  any  part 
of  a  sherardized  coat  is  unwarranted. 

Exception  might  also  be  taken  to  the  statement  made  (just  before  the 
table  listing  the  variation  in  sherardizing  temperature  with  the  iron  content 
of  the  dust)  that  the  iron  in  zinc  dust  is  useful;  the  author  admits,  though, 
that  the  presence  of  iron  necessitates  the  use  of  higher  sherardizing 
temperatures.  The  higher  temperatures  are  undesirable  because  they 
tend  to  increase  the  amount  of  iron  in  the  coat.  This  high  iron  content 
does  not  necessarily  decrease  the  corrosion  resistance  of  the  deposit  but, 
because  of  the  brittle  alloj^s  formed,  it  does  increase  the  flaking  and  chip- 
ping of  the  coating  under  impact  or  bending.  Such  a  consideration 
is  important  in  view  of  the  rough  handling  many  sherardized 
articles  receive. 

The  practicability  of  the  proposed  method  for  determining  the  amount 
of  deposited  zinc  by  stripping  in  a  boiling  10  per  cent,  ammonium-chloride 
solution  is  questionable  until  more  data  are  available  on  the  subject.  It 
seems  inconsistent,  however,  to  use  the  appearance  of  iron  in  the  stripping 
solution,  as  shown  by  the  potassium-ferricyanide  test,  for  the  indication 
that  the  coating  has  been  entirely  dissolved,  when  the  presence  of  iron  in 
the  coating  itself  has  been  admitted.  It  is  quite  improbable  that  the 
zinc  alloyed  with  the  iron  would  be  entirely  dissolved  without  any  of  the 
ferrous  material  going  into  solution.  In  fact,  when  the  antimony 
chloride-hydrochloric  acid  stripping  solution  is  used,  the  deposited  zinc  is 
entirely  dissolved,  as  shown  by  analysis  of  the  used  reagent,  but  the 
alloyed  iron  accompanies  the  zinc.  Consequently  it  is  doubtful  if  a 
method  that  does  not  permit  any  iron  to  be  dissolved  would  account  for 
all  the  zinc  deposited. 

Leon  McCulloch  (author's  reply  to  discussion). — H3^drochloric 
acid  was  not  used  during  this  work,  but  many  coatings  were  removed  for 

'  Stiidies  on  the  Constitution  of  Binary  Zinc-base  Alloys.     See  page  767. 
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analysis  by  the  ammonium-chloride  method.  Coatings  made  in  dust  with 
less  than  5  per  cent,  iron,  vaiying  in  weight  from  0.1  to  1.0  gm.  zinc  per 
sq.  in.,  average  8  to  10  per  cent.  iron.  The  thinner  coatings  and  those 
made  in  dust  higher  in  iron  are  higher  in  iron.  It  is  quite  evident  from 
these  anah'ses  that  the  main  constituent  of  good  coatings  is  the  solid 
solution  of  FeZnr  and  zinc  containing  from  6  to  10  per  cent.  iron.  The 
author  has  made  no  inspection  of  these  coatings  with  the  microscope. 
Different  structures  might  be  expected,  however,  in  this  solid  solution 
in  sherardized  and  in  hot  galvanized  coatings,  for  the  conditions  of  forma- 
tion are  quite  different  in  the  two  cases. 

The  essential  thing,  in  sherardizing,  is  the  existence  of  a  solid  solution 
through  which  the  vapor  of  one  metal  can  diffuse  to  combine  with  the 
other.  This  was  shown  by  sherardizing  aluminum  with  zinc.  In  this 
case  zinc  is  soluble  in  the  metal  which  it  is  coating,  but  no  compound  is 
formed.  (To  sherardize  aluminum,  the  temperature  must  be  high,  about 
450°  C,  and  a  dust  high  in  iron  must  be  used,  in  order  that  zinc  ma}-  not 
deposit  rapidh'  enough  to  form  the  low-melting  eutectic  alloy.) 

The  uniformity  of  the  alloys  showing  a  minimum  iron  content  of  6 
per  cent,  even  after  prolonged  heating  with  iron-free  zinc  dust  has  been 
questioned.  TMiile  an  inspection  under  the  microscope  has  not  been 
made,  there  is  little  doubt  that  uniformity  would  be  discovered.  If  this 
reaction  of  zinc  with  iron  were  very  slow,  non-uniformity  might  be  sus- 
pected. But  tliis  action  is  quite  rapid,  so  that  the  6  per  cent,  limit  to  the 
iron  is  reached  in  a  few  hours.  The  probabilit}'  of  non-uniformity  is  thus 
ver}^  small  indeed. 

It  should  have  been  stated  that  when  the  ammonium-chloride  method 
of  stripping  or  testing  coatings  is  used,  the  iron  in  the  coating  remains 
upon  the  surface  in  a  spongy  form  and  does  not  appear  in  the  solution 
until  the  zinc  is  practicalh-  gone.  This  spongy  iron  is,  however,  readilj- 
brushed  awaj-  in  order  to  determine  the  coating  by  loss  in  weight.  The 
following  solution  also  may  be  used  cold  for  removing  coatings  for  analy- 
sis: Ammonium  chloride  35  gm.;  ammonia  (sp.  gr.  0.90)  150  gm.;  and 
water  325  gm. 

This  selective  solution  of  zinc  is  similar  to  the  action  that  takes  place 
when  a  coating  is  corroded  in  service.  It  is  the  spongy  iron,  left  behind 
after  some  of  the  zinc  has  been  removed,  that  in  time  gives  to  good 
sherardizing  its  well-known  gray  or  Ijlack  appearance. 
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Studies  on  the  Constitution  of  Binary  Zinc-base  Alloys* 

3y  W.  M.  PEiRCE,t  M.  S.,  Palmerton,  Pa. 

(New  York  Meeting,  February,  1922) 

The  present  work  has  been  done  in  an  endeavor  to  correlate  and 
complete  the  data  on  the  constitution  of  alloys  of  zinc  with  other  common 
metals,  deahng  exclusively,  however,  with  the  zinc-rich  alloys  in  which 
the  zinc  content  is  between  90  and  100  per  cent.  This  investigation  has 
included  the  systems  lead-zinc,  cadmium-zinc,  iron-zinc,  copper-zinc, 
aluminum-zinc,  nickel-zinc,  manganese-zinc,  cobalt-zinc,  tin-zinc,  and 
magnesium-zinc.  The  important  ternary  system  zinc-lead-cadmium 
and  the  zinc  corners  of  other  ternary  systems  have  been  investigated  in 
connection  with  this  work  but  will  not  be  dealt  with  here. 

Zinc  does  not  form  a  single  homogenous  zinc-rich  solid  solution  over 
any  considerable  range  of  concentration  with  any  of  the  metals  mentioned. 
A  limited  range  of  solid  solubility  is  said,  by  previous  investigators,  to 
occur  in  several  cases  and  certain  effects  on  the  properties  of  zinc  are 
attributed  (with  varying  degrees  of  consistency  among  different  writers) 
to  the  presence  of  certain  other  metals  dissolved  in  zinc.  The  increasing 
ase  of  rolled  zinc  and  the  possibilities  offered  by  zinc  as  a  casting  alloy 
in  certain  fields  have  made  it  essential  to  determine  precisely  these 
equilibrium  relationships. 

In  carrying  out  this  investigation  reliance  was  placed  chiefly  on  two 
methods,  conductivitj'-  measurements  and  microscopic  analysis.  The 
first  method  proved  valuable  in  determining  the  existence  and  extent  of 
solid  solubility.  The  second  method  stands  alone  as  a  means  of  deter- 
mining structural  characteristics  and  supplements  the  first  method  in 
the  measurement  of  solid  solubility.  The  scleroscopic  hardness  of  all 
conductivity  specimens  was  measured  partly  for  its  value  from  the  point 
of  view  of  mechanical  properties  and  partly  as  a  check  on  the  conductivity 
curves  in  indicating  the  limits  of  solid  solubility.  No  hardness  curves  are 
included  in  this  paper,  for  in  no  case  were  they  important  in  arriving  at 
the  constitution  of  any  system. 

Conductivity  measurements  were  in  all  cases  made  on  cold-rolled 
strips  0.020  in.  thick  and  0.5  in.  wide,  both  as  cold  rolled  and  after  an 

*  Communication  from'  the  Research  Laboratory  of  the  New  Jersey  Zinc  Co. 
t  Investigator,  Metal  Section,  Research  Division,  New  Jersey  Zinc  Co. 
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anneal  of  32  lii"-  at  150°  to  200°  C.  to  produce  recrystallization.  A  Kelvin 
double  bridge  was  used  and  measurements  made  at  20°  C.  The  tempera- 
ture was  maintained  by  means  of  a  well-stirred,  water-jacketed  bath 
of  light  oil.  The  temperature  was  measured  to  0.05°  C.  and  correction 
made  accordingly.  For  the  early  part  of  the  work,  micrometer  measure- 
ments were  depended  on  to  compute  the  cross-section  but  in  later  work 
weight,  length,  and  density  determinations  were  used  in  these  computa- 
tions. The  over-all  accuracy  of  these  determinations  was  calculated  to 
be  about  0.25  percent.,  and  different  test  strips  from  the  same  coils  usually 
checked  well  within  this  limit. 

With  regard  to  the  methods  emplo3'ed  in  the  preparation  of  micro- 
specimens,  attention  is  drawn  to  the  method  of  polishing  and  particu- 
larl}^  to  the  etching  reagent  described  in  the  paper  by  Mathewson, 
Trewin  and  Finkeldey.^  This  reagent  is  made  by  dissolving  20  gm. 
C.  P.  chromic  anhydride  and  1.5  gm.  C.  P.  sodium  sulfate  (anhy- 
drous) in  100  cc.  water.  It  should  be  noted,  however,  that  the  chromic 
anhydride  must  be  free  from  SO4,  a  requirement  which  is  not  met  by 
all  so-called  C.  P.  grades.  Neglect  of  this  precaution  will  result  in 
stains.  In  every  case  this  reagent  has  proved  superior  to  other  etching 
agents  in  developing  the  structure  of  zinc  and  in  differentiating  secondary 
constituents.  In  one  or  two  cases,  other  reagents  have  been  found  useful 
in  developing  the  zonal  structure  of  non-homogeneous  solid  solutions. 

Lead-zinc 

The  equilibrium  diagram  shown  in  Fig.  1  is  based  on  a  careful  study 
of  the  methods  and  results  of  Matthiessen  and  Bose,^  Spring  and  Romanoff,^ 
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Fig.  1. — Lead-zixc  EQUILIBRIUM  diagram;  based  on  data  of  Heycock  and  Neville, 

Arnemann,  Peirce. 

Arnemann,^  and  Heycock  and  Neville.^     The  eutectic  lies  at  318°  C.  and 
2.3  per  cent  zinc.     The  monotectic  point  {i.e.,  the  concentration  and  tem- 

^  Some  Properties  and  Applications  of  Rolled  Zinc  Strip.     Trans.  (,1920)  64,  305. 

2  Matthiessen  and  M.  von  Bose:  Proc.  Royal  Soc.  London  (1861)  11,  4-30. 

2  Spring  and  Romanoff:   Zeits.  Anorg.  Chcm.  (1S9G)  13,  29. 

^  Arnemann:  Metallwgie  (1911)  7,  201. 

5  Heycock  and  Neville:  JnJ.  Chem.  Soc.  (1892)  61,  888;  (1897)  71,  383. 
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perature  at  which  the  single  crystal  phase,  zinc,  freezes  out  at  constant 
temperature  with  no  further  change  in  concentration  of  the  rich  liquid 
phase  but  with  the  formation  of  a  second  lead-rich  liquid  phase)  lies 
at  418°  C.  and  0.95  per  cent.  lead.  (These  figures  are  by  Heycock  and 
Neville  whose  work  deserves  most  weight.)  The  best  value  available  for 
the  solubility  of  zinc  in  lead  at  the  monotectic  temperature  is  3.4  per 
cent.,  as  given  by  Arnemann.  In  the  present  investigation,  conductivity 
and  hardness  measurements  gave  no  evidence  of  any  soHd  solubility, 
Fig.  11.  Microscopically,  a  secondary  constituent  can  be  detected  when 
lead  is  present  in  a  concentration  as  low  as  0.03  per  cent.  Fig.  19  shows 
zinc  containing  0.05  per  cent.  lead. 

The  distribution  of  the  lead  is  of  interest.  According  to  the  equilib- 
rium diagram,  an  alloy  containing  0.5  per  cent,  lead,  when  the  course 
of  freezing  has  reached  the  end  of  the  monotectic  horizontal,  should 
consist  of  98.8  per  cent,  primary  zinc  and  1.2  per  cent,  of  the  lead-rich 
liquid  phase;  the  latter,  when  completely  frozen,  consists  of  one-fifth 
primary  zinc  and  four-fifths  eutectic  containing  97.7  per  cent.  lead. 

The  lead-rich  liquid  phase  formed  during  the  course  of  freezing  along 
the  monotectic  line  must  necessarily  remain  in  the  interstices  of  the 
primary  mass  of  zinc  crystals.  Microscopic  examination  shows  that  it 
is  entrapped  as  small  globules  between  the  growing  branches  of  the  zinc 
crystals.  Fig.  20  shows  a  linear  group  of  these  small  globules  at  high 
magnification  and  Fig.  19  shows  the  general  distribution  of  these  droplets, 
which  in  a  microsection  appear  as  a  polygonal  network  composed  of  these 
linear  groups.  Fig.  21  shows  the  effect  of  rolling  in  elongating  these 
"lead  lines."  . 

The  fact  that  the  lead-rich  liquid  phase  forms  globular  droplets  in- 
stead of  attenuated  intercrystalline  films,  together  with  the  difference 
in  hardness  between  zinc  and  lead  and  its  resultant  effect  in  polishing 
and  etching,  makes  detection  of  very  small  percentages  of  lead  possi- 
ble. The  soft  minute  globules  of  lead  appear  in  many  cases  to  be  torn 
out  during  the  polishing  and  the  ensuing  pits  are  enlarged  by  the 
etching  treatment. 

Cadmium-zinc^ 

In  Fig.  2  is  shown  the  equilibrium  diagram  of  the  cadmium-zinc 
system.  The  liquidus  is  as  given  by  Heycock  and  Neville.''  The  eutectic 
horizontal  at  264°  is  shown  as  ending  about  2  per  cent,  from  the  cadmium 
side,  as  several  investigators  report  solid  solubility  of  a  few  per  cent,  of 
zinc  in  cadmium.     On  the  zinc  side,  the  discrepancy  in  the  results  of 

^  Portions  of  this  section  are  based  on  a  thesis  submitted  by  the  writer  in  partial 
fulfillment  of  the  requirements  for  the  M.  S.  degree  to  the  Graduate  School  of  Yale 
University. 

'  Op.  cit. 

VOL.  Lxrs'iii. — -10 
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HiDdricks,^  Curry,^  Arnemann,^"  Lorentz  and  Plumbridge/^  Kurnakow 
and  Zemczuznj^,'-  Glasnow  and  Mat  wee  w,^^  and  Ludwig/^  in  regard  to 
solid  solubility  makes  an  entire  reconsideration  of  the  problem  necessary. ^^ 
Microscopic  examination  of  chill-cast  alloys  showed  that  secondary 
cadmium  is  present  in  alloys  containing  above  1 .0  per  cent,  cadmium.  Fig. 
23  shows  white  areas  of  cadmium  (divorced  and  coalesced  eutectic)  in  an 
alloy  containing  1 .25  per  cent,  cadmium  after  an  anneal  of  10  hr.  at  250°  C. 
Fig.  22  shows  a  specimen  from  the  same  chill-cast  ingot  unannealed. 
Here  the  cadmium  is  present  in  the  thin  films  of  eutectic  which  appear  as 
dark  streaks  between  the  grains.  (The  hydrochloric-acid  etch  employed 
does  not  differentiate  the  constituents  as  well  as  might  be  desired.) 
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Fig.  2. — Cadmium-zinc  equilibrium  diagram;  based  on  data  of  Hetcock  and 
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The  specimens  shown  in  Figs.  22  and  23  were  etched  with  alcohoHc 
hydrochloric  acid  to  develop  the  zonal  structure  that  appears  in  Fig.  22. 
Ten  hours  anneahng  at  250°  C.  was  necessary  to  remove  this  zonal  struc- 
ture in  a  specimen  of  the  same  alloy  (which  contains  1.25  per  cent, 
cadmium)  shown  in  Fig.  23.  It  is  evident  from  this  that  equilibrium 
is  attained  quite  slowly  in  these  alloys  at  moderate  temperatures. 
Five  weeks'  anneal  just  below  the  eutectic  temperature  caused  absorption 
of  all  visible  amounts  of  secondary  cadmium  in  an  alloy  containing  1.5  per 


« Hindricks:  Zeits.  Anorg.  Chem.  (1907)  55,  415. 

9  Curry:  Jul.  Phrjs.  Chem.  (1910)  13,  589. 

i«  Op.  cit. 

"Lorentz  and  Plurabridge:  Zeits.  Anorg.  Chem.  (1913)  83,  228. 

'-  Kurnakow  and  Zemczuzny:  Ibid.  (.1908)  60,  32. 

13  Glasnow  and  Matweew:  Intnatl.  Zeits.  Metallographie  (1914),  5,  1. 

I'Ludwig:  Zeits.  Anorg.  Chem.  (1916)  94,  161. 

15  Since  completing  this  investigation,  recent  work  by  Miss  K.  E.  Bingham  [Jnl. 
Inst.  Metals  (1920)  24,  333]  has  come  to  the  author's  attention.  Her  results  a;e 
reasonably  consistent  with  those  reported  here.  However,  it  is  believed  that  the 
long  anneals  employed  by  the  author  are  necessary  for  the  attainment  of  equilibrium 
and  hence  it  seems  doubtful  whether  the  limit  of  solid  solubility  which  she  reports 
really  represents  the  equilibrium  condition  at  150°  C.  Probably  it  conforms  more 
closely  to  the  chill-cast  state. 


W.    M.    PEIRCE  771 

cent,  cadmium,  Fig.  24,  while  in  an  alloy  containing  2.0  per  cent,  cadmium, 
secondary  cadmium  was  still  clearly  visible. 

Conductivity  measurements  were  made  on  strips  containing  0.03, 
0.05,  0.10,  0.21,  0.42,  0.63,  0.95,  1.25,  2.44,  4.39  per  cent,  cadmium,  in 
both  the  cold-rolled  condition  and  after  anneahng  3^^  hr.  at  150°  C.  to 
recrystallize.  Both  curves  (see  Fig.  11)  show  a  minimum  followed  by  a 
sharp  rise  and  then  a  slow  uniform  drop.  The  lowest  point  of  the  inflec- 
tion lies  near  1.0  per  cent.,  the  concentration  at  which  eutectic  was  first 
detected  in  microspecimens  from  unhomogenized  chill  castings. 

The  evidence  is,  in  the  writer's  opinion,  consistent  in  showing  that  in 
chill  castings  about  1.0  per  cent,  of  cadmium  is  held  in  sohd  solution  by 
zinc  and  that  under  conditions  of  approximate  equilibrium  at  250°  C.  the 
concentration  is  higher,  being  at  this  temperature  at  least  1.5  per  cent, 
cadmium.  It  was  felt  that  an  unwarranted  length  of  time  would  be 
required  to  determine  the  course  of  the  solid  solubility  curve  at 
lower  temperatures. 

Iron-zinc 

Among  the  more  recent  investigations  of  this  system  are  those  of 
Vegesack^^  and  Raydt  and  Tammann.^^  The  equilibrium  diagram,  as 
described  by  these  investigators,  is  shown  in  Fig.  3,  except  that  the  solid 
solubihty  of  iron,  or  FeZu:,  in  zinc  has  been  reinvestigated  and  the 
diagram  modified  in  accordance  with  the  results  obtained  in  this  labora- 
tory. The  frequently  quoted  statement  of  Vegesack  that  zinc  holds 
0.7  per  cent,  iron  in  solid  solution  is  greatly  in  error  and  is  apt  to  be  mis- 
leading since  it  might  be  assumed  that  any  amount  of  iron  ordinarily 
found  in  zinc  as  an  impurity  exists  in  solid  solution.  As  a  matter  of  fact, 
the  limit  of  the  solid  solubility  of  iron  in  zinc  lies  in  the  neighborhood 
of  0.02  per  cent.  iron. 

Microscopicall}',  iron  is  easily  identified  in  zinc,  as  the  compound 
FeZn?  is  a  hard  white  crystalline  constituent  left  in  high  relief  by  polish- 
ing and  less  rapidly  attacked  than  the  zinc  matrix  in  etching  (marked  in 
Fig.  25).  In  this  laboratory,  small  widely  scattered  crystals  of  this 
compound  have  frequently  been  observed  in  specimens  containing  as  low 
as  0.025  per  cent,  iron  and  these  remain  unabsorbed  after  110  hr. 
annealing  at  400°  C. 

The  conductivity  curves  of  specimens  both  in  the  cold-rolled  condi- 
tion and  after  annealing  3^-2  hr.  at  150°  C.  to  bring  about  recrystallization 
show  inflections  in  the  region  of  0.04  per  cent,  iron,  Fig.  14. 

Copper-zinc 

In  the  numerous  general  investigations  of  this  system,  only  a  small 
number  of  zinc-rich  alloys  have  been  studied.     Fig.  4  shows  the  consti- 

1"  Vegesack:  Zeits.  Anorg.  Chem.  (1906)  52,  30-40. 
17  Raydt  and  Tammann:  Ihid.  (1913)  83.257-266. 
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tution  of  these  alloys  from  90  to  100  per  cent,  zinc,  based  on  Tafel's  revi- 
sion of  the  copper-zinc  system^^  supplemented  by  the  results  of  the 
present  investigation.^^ 

Two  solid  solutions,  known  as  e  and  r],  have  been  identijaed  in  the 
range  of  concentration  under  present  consideration  by  earlier  investiga- 
tors. The  limit  of  sohd  solubihty  of  the  e  constituent  in  the  rj  has  not 
been  determined,  however.  In  this  case,  the  microscopic  method  fur- 
nished an  effective  means  of  determining  the  sohd  solubility  curve.  Figs. 
26,  27,  and  28  show  the  effect  of  anneahng  for  36  hr.  at  400°  C.  and  quench- 
ing from  the  same  temperature  upon  alloys  containing  1.81  and  1.95  per 
cent,  copper,  respectively.  In  the  former  case,  the  alloy  has  become 
homogeneous;  while  in  the  latter  case,  primary  e  crystals  remain  un- 
absorbed.  This  locates  the  point  c  on  the  equihbrium  diagram.  Figs. 
29,  30,  and  31  show  the  effect  of  annealing  and  quenching  a  specimen 
containing  1.5  per  cent,  copper  first  at  400°  C,  then  at  300°  C,  and  then 
at  350°  C.  By  a  series  of  such  experiments,  the  point  d  was  located. 
Point  a  was  determined  from  the  fact  that  in  chill-cast  specimens,  the 
€  constituent  first  appears  in  the  specimen  containing  1.81  per  cent,  copper 
and  is  totally  absent  in  the  1.5  per  cent,  copper  alloy.  The  zonal  struc- 
ture shown  in  Fig.  26  is  completely  ehminated  by  2-hr.  anneal  at  350°  C. 

The  conductivity  curves  of  both  cold-rolled  strips  and  similar  material 
softened  by  annealing,  Fig.  12,  show  inflections  at  about  1.25  per  cent, 
copper.  It  may  be  observed  that  the  conductivity  of  the  strips  recrys- 
tallized  by  annealing  is  consistently  higher  than  that  of  the  cold-rolled 
material.  This  is  true  of  all  observations  reported  in  this  paper  except 
in  the  case  of  the  zinc-aluminum  alloys.  No  conductivity  determinations 
were  made  on  the  heat-treated  alloys  used  for  microstructural  observations. 

An  interesting  fact  to  be  noted  in  connection  with  the  conductivity 
of  these  alloys  is  that  the  hrst  small  addition  (0.05  per  cent.)  of  copper  to 
zinc  raises  the  conductivity  slightly  above  that  of  pure  zinc. 

Aluminum-zinc 

Two  recent  comprehensive  investigations  of  this  alloy  system  have 
been  undertaken.  Eosenhain  and  Archbuttj^"  in  1912,  brought  the  equi- 
librium diagram  to  the  form  shown  in  Fig.  5,  except  for  the  location  of  the 
points  H  and  L,  the  ends  of  the  443°  and  256°  C.  horizontals.     Bauer  and 


i»Tafel:  Metallurgie:  (1908)  12,  349-352;  13,  375-383. 

1' Lately,  the  work  of  Haughton  and  Bingham  [Proc.  Roy.  Soc.  London  (1921) 
A99]  has  come  to  the  writer's  attention  and  the  present  diagram  shows  the  liquid  us 
and  solidus  referring  to  the  77  constituent  as  given  by  them.  Their  result  for  the 
temperature  of  transformation  e^??  has  also  been  used.  Other  portions  of  their 
diagram  are  consistent  with  the  diagram  here  given. 

2oRosenhain  and  Archbutt:  National  Physical  Laboratory  Collected  Researches 
VIII  (1912)  41-77. 
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VogeP^  detoriniued  these  points  and  also  checked  Rosenhain  and  Arch- 
butt's  results  on  the  rest  of  the  diagram.  The  fact  that  these  two  investi- 
gations arc  in  substantial  agreement  makes  it  possible  to  accept  the  results 
without  further  investigation,  except  in  regard  to  minor  details. 

One  point  in  which  these  previous  investigations  are  incomplete, 
however,  concerns  the  exact  location  of  the  solid-solubility  curve  of 
aluminum  in  zinc.  Both  investigators  agree  that  limited  solid  solubility- 
occurs  and  Bauer  and  Vogel  have  determined  microscopically  that  at  the 
single  temperature  380°  C,  the  saturation  limit  is  between  0.5  and  1.0 
per  cent,  aluminum. 
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OP  Rosenhain  and 


To  determine  this  curve  more  precisely,  inicrospecimens  containing 
0.1,  0.25,  0.50,  0.75  and  1.00  per  cent,  aluminum  were  prepared  and 
suitably  annealed.  Conductivity  strips  of  these  concentrations,  includ- 
ing also  2.0  per  cent,  aluminum,  were  tested  in  the  cold-rolled  state  and 
also  after  suitable  anneals.  The  castings  from  which  these  strips  were 
rolled  were  homogenized  before  rolling  by  a  24-hr.  anneal  at  220°  C. 
Quenching  of  both  microspecimcns  and  conductivity  strips  was  accom- 
plished in  an  iron-tube  furnace  with  water  connections,  which  permitted 
almost  instantaneous  flooding  of  the  tube  with  a  large  stream  of  water  in 
a  manner  similar  to  that  used  by  Rosenhain.-- 


^1  Bauer  and  Vogel:  Mit.  Konig.  Materialfrufungsant  (1915)  33,  146-198. 
22  Rosenhain :  Jnl.  Iron  and  Steel  Inst.  (No.  I,  1908). 
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It  was  expected  from  the  information  already  available  that  the  alloys 
containing  about  1.0  per  cent,  aluminum  and  above  would  show  two 
constituents,  the  primary  one  a  being  a  solid  solution  of  aluminum  in  zinc 
and  the  secondary  one  the  eutectic  between  the  compound  A]Zn2  and  the 
solid  solution  a.  It  was  also  expected  that  at  some  concentration  below 
1.0  per  cent.;  depending  on  the  temperature,  the  secondary  constituent 
would  disappear. 

In  the  unannealed  material,  eutectic  is  unmistakably  present  in 
those  specimens  containing  0.50,  0.75  and  1.00  per  cent,  aluminum  and 
unquestionably  absent  in  the  0.10  per  cent,  aluminum  alloy  (Figs.  32 
and  33).  In  a  specimen  of  the  alloy  containing  0.25  per  cent,  aluminum 
annealed  40  hr.  at  240°  C.  followed  by  quenching,  there  is  no  trace  of 
eutectic  (Fig.  34),  while  a  slight  decrease  in  the  amount  present  is  notice- 
able in  the  case  of  the  alloy  containing  0.5  per  cent,  aluminum  after 
similar  treatment.  Quenching  from  300°  C.  after  36  hr.  annealing  causes 
a  complete  disappearance  of  any  areas  that  can  be  positively  identified 
as  eutectic  in  the  0.5  per  cent,  aluminum  specimen  and  a  marked  diminu- 
tion in  the  amount  present  in  the  0.75  per  cent,  aluminum  alloy  (Figs. 
35,  36,  and  37). 

Fig.  15  shows  the  conductivity  curves  of  this  series  of  alloys  after  the 
following  treatments: 

Curve  Marked  Treatment 

1 cold  rolled  without  subsequent  annealing 

2 cold  rolled  and  annealed  ]4,  hr.  at  150°  C. 

3 cold  rolled  annealed  36  hr.  at  335°  C,  and  quenched 

4 cold  rolled,  annealed  44  hr.  at  230°  C.  and  quenched 

These  curves  check  with  extraordinary  consistency  an  earlier  set  of 
curves  made  on  a  similar  series  of  alloys.  The  latter  were  replaced  by 
the  present  set  in  order  to  take  advantage  of  a  more  effective  method 
of  quenching. 

Curves  3  and  4  give  clear  indications  of  the  probable  solid  solubility 
limits  at  the  respective  temperatures  of  quenching;  viz.,  0.85  per  cent, 
aluminum  at  335°  C.  and  0.60  per  cent,  aluminum  at  230°  C.  These  are 
the  two  principal  concentrations  used  in  locating  the  solid  solubility 
curve,  aluminium  in  zinc,  in  Fig.  5.  Curves  1  and  2,  obtained  on  cold- 
rolled  specimens  and  on  specimens  recrystallized  by  annealing  at  150°  C. 
for  3^^  hr.  are  difficult  to  correlate.  However,  it  seems  safe  to  conclude 
that  the  solid  solubihty  at  room  temperature  is  not  more  than  0.25  per 
cent,  aluminum. 

The  microscopic  results  are  confirmatory  of  the  indications  of  the 
conductivitj^  observations  that  the  solid  solubility  of  aluminum  in  zinc 
varies  with  the  temperature  from  about  0.85  per  cent,  aluminum  at  335° 
to  not  more  than  0.25  per  cent,  at  room  temperature. 
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Nickel-zinc 

The  work  heretofore  done  on  the  nickel-zinc  system  is  thoroughly 
reviewed  in  a  paper  by  Victor  Tafel.--^  Fig.  6  shows  the  equilibrium 
relations  existing  between  the  compound  NiZns  and  pure  zinc.  A  eutecr 
tic  between  NiZna  and  zinc  is  indicated  by  the  thermal  results  of  Heycock 
and  Neville,  who  find  a  slight  lowering  of  the  freezing  point  of  zinc  by  the 
addition  of  nickel. 

The  present  writer  has  found  through  microscopic  examination  that 
primary  crystallites  of  NiZns  are  present  in  an  alloy  containing  0.25  per 
cent,  nickel,  Fig.  39.  None  could  be  detected,  however,  in  an  alloy  con- 
taining 0.12  per  cent,  nickel.  The  eutectic  point  must  therefore  lie  at  a 
concentration  between  0.12  and  0.25  per  cent,  nickel. 
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Fig.  6. — Xickel-zixc  equilibrium  diagram;  based  on  data  of  Tafel  axd  Peirce. 


The  eutectic  between  zinc  and  NiZus  appears  to  be  structurally 
associated  with  the  lead-zinc  eutectic,  perhaps  as  a  ternary  eutectic. 
This  conclusion  is  based  on  the  fact  that  the  NiZus-Zn  eutectic  is  distrib- 
uted in  exactly  the  same  manner  as  the  lead  eutectic  (Figs.  19  and  38) 
and  that  the  latter  loses  its  identity  when  the  former  is  present. 

That  there  is  an  appreciable  range  of  solid  solubility  is  indicated  by 
both  microscopic  and  conductivity  methods.  As  little  as  0.034  per  cent, 
nickel  gives  rise  to  the  appearance  of  eutectic,  and  annealing  this  alloy 
100  hr.  at  300°  C.  followed  by  drastic  quenching  docs  not  result  in  an 
homogeneous  structure  but  does  result  in  a  redistribution  of  the  NiZus. 
Fig.  40  shows  an  alloy  containing  0.12  per  cent,  nickel  after  the  same 
treatment.     This  indicates  greater  solid  solubilitj'  of  nickel  in  zinc  at 


"Tafel:  Metallurgie  (1908)  14,  413-430. 
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300°  C.  than  at  room  temperature.  At  the  same  time  it  would  appear 
that  the  limit  of  solid  solubility  at  room  temperature  is  less  than  0.034 
per  cent. 

The  conductivity  curves  of  both  cold-rolled  strips  and  strips  recrystal- 
lized  by  annealing  J^  hr.  at  150°  C.  have  well-defined  inflections  at  about 
0.1  per  cent,  nickel.  These  curves  are  based  on  measurements  of  strips 
containing  0.034,  0.058,  0.12,  0.25,  0.48  and  0.84  per  cent,  nickel.  Fig.  17. 
In  view  of  this  conflicting  evidence,  the  writer  does  not  feel  warranted  in 
any  more  definite  conclusion  than  that  the  solid  solubility  of  nickel  in 
zinc  varies,  increasing  with  the  temperature,  and  probably  never 
exceeding  0.1  per  cent,  nickel. 

Manganese-zinc 

Parravano^^  was  the  first  to  offer  a  manganese-zinc  equilibrium 
diagram.  Two  compounds,  MnZus  and  MnZuy,  were  described,  the 
latter  entering  into  an  eutectic  relationship  with  zinc  at  a  temperature  of 
418°  C.  and  a  concentration  of  about  1  per  cent,  manganese.  The  ques- 
tion of  solid  solubility  of  manganese  in  zinc  was  not  seriously  raised. 

Siebe^^  observed  eutectic  crystallization  at  416°  C,  but  made  no 
accurate  determination  of  the  eutectic  concentration  or  of  the  concentra- 
tion of  the  zinc-rich  constituent.  The  other  eutectic  constituent  is 
described  as  the  end  member  of  a  series  of  solid  solutions  extending  up  to 
at  least  50  per  cent,  manganese  (the  highest  manganese  concentration 
investigated)  and  not  a  zinc-rich  compound,  MnZn?,  as  specified 
by  Parravano. 

Gieren^^  locates  the  eutectic  concentration  at  approximately  2  per 
cent,  manganese  by  the  method  of  thermal  analysis.  At  0.5  per  cent, 
manganese,  he  finds  no  microscopic  evidence  of  the  eutectic  constituent, 
but  at  1  per  cent,  this  constituent  appears.  The  thermal  treatment  of 
these  alloys  is  not  specified.  Gieren  confirms  Parravano  in  locating  a 
zinc-rich  compound,  the  composition  of  which,  however,  is  not  specified. 
There  is  also  a  lack  of  agreement  concerning  equilibrium  relations  at 
higher  manganese  concentrations. 

The  present  investigation  indicates  that  the  eutectic  concentration 
lies  close  to  0.9  per  cent.,  as  an  alloy  containing  0.8  per  cent,  manganese 
showed  no  primary  MnZny  while  one  containing  0.9  per  cent,  manganese 
did.  Fig.  41  shows  the  eutectic  in  a  sample  containing  0.8  per  cent, 
manganese ;  Fig.  42  shows  the  primary  crystallites  of  MnZny  in  an  alloy  con- 
taining 0.9  per  cent,  manganese.  Annealing  makes  small  amounts  of 
eutectic  easily  visible  through  a  reabsorption  and  reprecipitation  de- 


"  Parravano:  Gazz.  Chim.  Ital.  (1914)  46,  [1]  1-6. 
25Siebe:  Zeiis.  Anorg.  Chem.  (1919)  108,  171. 
"» Gieren:  Zeits.  Metallkunde  (1919)  11,  14. 
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scribed  later.  The  eutectic  is  readily  visible  in  a  specimen  containing 
0.2  per  cent,  manganese  after  annealing  24  hr.  at  250°  C,  Fig.  43,  but  it 
does  not  appear  in  the  alloy  containing  0.1  per  cent,  manganese  treated 
similarly.  This  interesting  effect  of  heat  treatment  is  further  shown 
in  Figs.  44  and  45.  The  large  areas  of  eutectic  MnZny  seen  in  Fig.  44 
have  been  partly  reabsorbed  on  annealing  5  hr.  at  40°  C.  and  reprecipita- 
tion  of  MnZn?  in  smaller,  more  widely  scattered,  particles  has  commenced 
in  spite  of  quenching  in  water. 

It  is  worthy  of  note  that  in  alloys  of  zinc  containing  iron  and  in  those 
containing  manganese  crystals  occur  whose  sections  have  the  same  shape. 
This  shape,  a  hollow  parallelogram,  is  illustrated  in  Fig.  42.  In  view  of 
the  close  relation  iron  and  manganese  bear  to  each  other  in  the  periodic 
system,  this  would  seem  entirely  consistent  with  the  evidence  tending 
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Fig.  7. — Manganese-zinc  equilibrium  diagram;  based  on  data  of  Parravano 

AND  Peirce. 


to  show  that  these  crystals  are  the  homologous  compounds  FeZn? 
and  MnZnr. 

The  conductivity  curves  of  the  cold-rolled  and  the  recrystallized 
strips,  Fig.  13,  show  sharp  inflections  at  about  0.1  per  cent,  manganese. 
Annealing  Yi  l^i'-  fit  400°  C.  and  cooling  in  air,  which  in  the  case  of  thin 
strips  is  rapid  cooling,  shifts  this  point  of  inflection  to  about  0.35  per 
cent,  manganese,  indicating  an  increasing  solubility  of  MnZn?  in  zinc 
with  rising  temperature.  This  is  consistent  with  the  observation  noted 
above,  that  on  annealing  redistribution  of  the  MnZni  takes  place. 

That  actual  reabsorption  of  the  MnZny  does  occur  on  annealing  and 
that  by  quenching  a  certain  amount  above  the  normal  equilibrium 
amount  can  be  retained  in  solid  solution  was  shown  as  follows.     A  strip 
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containing  0.33  per  cent,  manganese  was  tested  and  found  to  have  a 
conductivity  of  14.92  (mhos  X  10*).  After  anneahng  at  325°  C.  and 
coohng  in  air,  the  conductivity  was  13.26.  ReanneaHng  and  coohng  in 
the  furnace  from  the  same  temperature  raised  the  conductivity  to  14.84. 
Anneahng  at  400°  and  coohng  in  air  lowered  the  conductivity  to  11.20, 
and  reanneahng  at  300°  and  coohng  in  air  raised  it  again  to  13.28. 

Fig.  7  represents  closely  the  equihbrium  relations  of  this  system 
though  it  was  not  found  possible  to  quench  specimens  effectively  enough 
to  preserve  entirely  at  room  temperature  the  equilibrium  conditions  ob- 
taining at  higher  temperatures.  The  slope^^  of  the  solid  solubility  curve 
is,  therefore,  more  or  less  speculative.  From  a  practical  point  of  view, 
however,  the  structure  of  the  alloys  as  it  is  affected  by  thermal  treatments 
has  been  fairly  well  determined. 

Cobalt-zinc 

Lewkonja^^  and  Ducilliez^s  have  found  evidence  of  a  compound  CoZn4 
which  is  said  to  form  a  eutectic  with  zinc  at  413°  C.  and  at  a  concentration 
of  0.5  per  cent,  cobalt.  Lewkonja's  statement  that  the  eutectic  concen- 
tration is  only  0.5  per  cent,  cobalt  while  the  lowering  of  the  freezing  point 
is  over  6°  C,  and  the  writer's  conclusion  that  the  eutectic  concentration 
is  even  lower  than  this  led  to  a  redetermination  of  the  eutectic  temperature. 

Freezing-point  curves  of  alloys  containing  0.5  and  0.9  per  cent,  cobalt 
were  taken,  using  a  platinum  platinum-rhodium  thermocouple  and  poten- 
tiometer checked  before  and  after  the  experiments  with  C.  P.  zinc.  One 
arrest  only  could  be  observed;  this  occurred  at  a  fraction  of  a  degree 
below  the  freezing  point  of  pure  zinc.  No  arrest  at413°  C,  as  recorded  by 
Lewkonja,  was  found  and  the  consistency  of  his  results  with  several 
alloys  is  difficult  to  explain  unless  some  impurity  was  present  in  consider- 
able amounts  in  his  alloys. 

In  the  microscopic  examination  of  these  piloys,  primary  crystallites 
of  this  compound  were  identified  in  specimens  containing  as  low  as  0.03 
per  cent,  cobalt,  which  indicates  that  both  the  eutectic  concentration  and 
the  solid  solubility  are  very  low.  Annealing  a  specimen  containing  0.03 
per  cent,  cobalt  48  hr.  at  300°  C.  does  not  cause  a  complete  absorption  of 
the  CoZn^  but  causes  a  slight  redistribution,  new  areas  of  extremely 
fine  particles  becoming  visible.  From  this,  it  is  evident  that  cobalt 
dissolves  in  zinc  to  a  very  slight  extent,  the  hmit  of  solubility  being  higher 
at  elevated  temperatures,  for  the  redistribution  of  the  CoZn4  must  have 
resulted  from  absorption  on  heating  and  reprecipitation  on  coohng.  Fig. 
46  shows  crystallites  of  CoZn4  in  an  alloy  containing  0.35  per  cent,  cobalt. 


2'  This  system  was  investigated  before  the  development  of  the  quenching  furnace 
employed  in  the  akiminura-zinc  system. 

28 Lewkonja:  Zeits.  Anorg.  Chem.  (1908)  59,  293. 
29Ducilliez:  Bull.  Soc.  Chem.  9,  1017. 
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and  Fig.  47  shows  the  reprecipitated  CoZn4  in  an  alloy  containing  0.04 
per  cent,  cobalt. 

The  conductivity  curve,  Fig.  18,  shows  a  slight  irregularity  below 
0.05  per  cent,  cobalt,  which  is  doubtless  connected  with  the  shght  solid 
solubility  that  exists.     The  equilibrium  relations  are  shown  in  Fig.  8. 

Tin-zinc 

A  number  of  investigators,  Heycock  and  Neville,  Mazzotto,*"* 
Arnemann,^^  and  Lorenz  and  Plumbridge^^  j^^yg  (jg^ii^  ^j^j^  ^j^jg  system; 
Fig.  9  shows  the  results  of  these  various  investigations.  No  indication 
of  solid  solubility  of  tin  in  zinc  has  been  noted  and  the  present  investiga- 
tion has  shown  that  there  is  no  appreciable  solid  solubility  on  the 
zinc  side. 

Microscopic  examination  of  a  cast  specimen  containing  0.1  per  cent, 
tin  shows  clearly  an  intercrystalline  film  of  tin-zinc  eutectic,  Fig.  48. 
Fig.  49  shows  a  specimen  containing  0.5  per  cent.  tin. 

Alloys  containing  as  httle  as  0.05  per  cent,  tin  are  extremely  brittle, 
fracturing  between  the  crystals  through  the  eutectic  films.  This  is 
evidence  of  the  existence  of  such  films  at  a  concentration  as  low  as  0.05 
per  cent.  tin.  The  primary  tin  visible  in  the  alloy  containing  0.1  per  cent, 
tin  cannot  be  removed  by  annealing  60  hr.  at  190°  C.  Owing  to  the 
brittleness  of  the  alloys,  no  rolled  strips  for  conductivity  tests  were 
prepared. 

Magnesium-zinc 

The  work  of  George  Eger,'^  which  reviews  the  earlier  work  of  Grube,^* 
Boudouard,^^  and  Bruni  and  Sandonnini,^^  is  the  most  recent  on  this  system. 
Fig.  10  embodies  the  results  of  this  previous  work.  The  absence  of 
solid  solubility  has  been  confirmed  by  original  work. 

Magnesium  forms  the  compound  MgZn2  with  zinc,  and  this  compound 
forms  a  simple  eutectic  system  with  zinc.  The  compound  contains  84 
per  cent,  zinc  and  the  eutectic  is  75  per  cent,  zinc,  25  per  cent.  MgZn2. 
It  follows  that  0.01  per  cent,  magnesium  gives  rise  to  0.25  per  cent, 
eutectic  and  that  very  small  amounts  of  eutectic  can,  therefore,  be 
recognized  microscopically. 

Figs.  50  and  51  show  the  appearance  of  the  eutectic  in  specimens 
containing  respectively  0.06  and  0.12  per  cent,  of  magnesium,  while  Fig. 
52  shows  the  structure  of  the  eutectic  at  high  magnification  in  an  alloy 

*"Mazzotto:  Intnatl.  Zeits.  Metallographie,  4,  273-96. 

^^  Op.  cit. 

32Lorentz  and  Plumbridge:  Zeits.  Anorg.  Chem.  (1913)  83,  228-242. 

'^Eger:  Intnatl.  Zeits.  Metallographie,  4,  29-127. 

s^Grube:  Zeits.  Anorg.  Chem.  (1906)  49,  77. 

"Boudouard:  Bull.  Soc.  Enc.  (1904), 

56  Bruni,  Sandonnini  and  Quercigh:  Zeits.  Anorg.  Chem.  (1910)  68,  78-9. 
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of  1.11  per  cent,  magnesium.  Annealing  60  hr.  at  300°  C.  caused  no 
change  in  the  amount  or  distribution  of  the  eutectic  in  any  of  these 
specimens.  The  conductivity  curve  of  the  alloys,  as  shown  in  Fig.  16, 
indicates  an  absence  of  solid  solubility. 
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Fig.  13. — Conductivity  of  manganese-zinc  alloys;    1,   cold-rolled;  2,  re- 
crystallized;  3,  annealed  }i  HR.  AT  400°  C.  and  air  cooled. 

Fig.  14.^ — Conductivity  of  iron-zinc  alloys;    1,  cold-rolled;   2,  recrystal- 

LIZED. 
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re  crystallized. 
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Fig.  19. — Distribijtion   of   lead   in      Fig.  20. — Globules  of  lead  at  higher 
cast     horse-head     zinc    containing  magnification.     x  500. 

0.05  PER  CENT.  Pb.       X  20. 


Fig.  21. — Distribution   of  lead   in  Fig.  22. — Alloy  containing  1.25  per 

STREAKS     in     ROLLED     ZINC     CONTAINING        CENT.     Cd,    SHOWING    ZONAL    STRUCTURE 

0  25  PER  CENT.  Pb.     X  50.  and  eutectic  films.     X  150.     Etched 

WITH  ALCOHOLIC  HCl. 

Specimens,  not  otherwise  noted,  were  etched  with  chromic  acid 
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Fig.  23. — Alloy  containing  1.25  per  Fig.  24. — Homogenized  alloy  con- 
cent. Cd,  showing  removal  of  zonal  TAINING  1.5  PER  CENT.  Cd,  an- 
STRUCTURE    BY     ANNEALING     10     HR.     AT  NEALED      5      WK.      AT     250°      C.        XL500. 

250°  C,  ALSO  COALESCED  Cd.     X  150.  Etched  with  alcoholic  HCl. 
Etched  with  alcoholic  HCl. 


Fig.  25. — Crystals     of     FeZn7     in  Fig.  26. — Zonal  structure  and  pri- 

ALLOY    containing    0.03    PER    CENT.    Fe.         MARY    IN    ALLOY    CONTAINING     1.81     PER 

X  250.  CENT.  Cu.     X  75. 

Specimens,  not  otherwise  noted,  were  etched  with  chromic  acid. 
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Fig.  27. — Quenched  alloy  contain- 
ing 1.81  PER  CENT.  Cu  PREVIOUSLY 
HOMOGENIZED   BY   ANNEALING    36   HR.    AT 

400°  C.     X  75. 


Fig.  28. — Primary  crystals  re- 
maining IN  QUENCHED  ALLOY  CON- 
TAINING 1.95  PER  CENT.  Cu  PREVIOUSLY 
ANNEALED  AS  IN  FiG.  27.        X  75. 


Fig.  29. — Alloy  containing  1.5  per  Fig.  30. — Same  specimens  as  in  Fig. 

CENT.  Cu  homogenized  AND  QUENCHED    29,  QUENCHED  AFTER  FURTHER  ANNEAL- 

at  400°  C.      X  50.  iNG  5  HR.  AT  300°  C.     X  200. 

All  specimens  were  etched  with  chromic  acid. 
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Fig.  31. — ^Same  specimens  as  in  Fig.       Fig.  32. — Alloy  containing  0.10  per 

30,   QUENCHED   AFTER   FURTHER   ANNEAL-  CENT.     Al     UNANNEALED.        X  200. 

ing  18  HR.  AT  350°  C.  r,  X  200. 
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Fig.  33. — Alloy  containing  O.oO  per  Fig.  34. — Alloy  containing  U.2.5  per 

CENT.         Al  UNANNEALED,         SHOWING         CENT.        Al       ANNEALED       40       HR.        AND 

EUTECTIC.        X  200.  QUENCHED  AT  240°  C,  SHO"\VING  ABSENCE 

of  eutectic.     x  200. 
All  specimens  -were  etched  with  chromic  acid. 
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Fig.  35. — Alloy  containing  0.50  per  Fig.  36. — Alloy  containing  0.75  per 

CENT.   Al  annealed  36   HR.    AT  300°  C;  CENT.    Al    unannealed.       X  200. 

EUTECTIC       HAS       DISAPPEARED       ALMOST 
ENTIRELY.        X  200. 
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Fig.  37. — Alloy  containing  0.75  per      Fig.  38. — Alloy  containing  0.12  per 
CENT.      Al     annealed     36     hr.     and        cent.  Ni,  showing  eutectic.     X150. 
quenched  at  300°  c. ;  eutectic  dimin- 
ished in  quantity.     x  200. 

All  specimens  were  etched  with  chromic  acid. 
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Fig.  39. — Alloy     containing     0.25  Fig.  40. — Alloy  containing  0.12  per 

PER   CENT.   Nl,   showing   PRIMARY    CENT.  Nl,  ANNEALED  100  HR.  AT  300°  C. 

NiZns  and  eutectic.     X  150.  and    quenched,    showing    reprecipi- 

TATED  X1ZN3.       X  350. 
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Fig.     41. — Alloy     containing     8.0  Fig.  42. — Alloy  containing  0.9  per 

PER      CENT.      Mn,      showing      EUTECTIC.         CENT.     Mn,     SHOWING     PRIJIARY     MnZn? 
X   150.  AND  EUTECTIC.        X  250. 

All  SPECIMENS  were  etched  with  CHROMIC  ACID. 
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Fig.  43. — Alloy  containing  0.2  per  Fig.  44. — Alloy  containing  0.5  per 

CENT.  Mn  annealed  24  HR.  AT  250°  C.      cent.    Mn,   showing  large   areas  of 
X  500.  eutectic      at      low      magnification. 

X  150. 


Fig.     45. — Same     specimen     as     is  Fig.  46. — Alloy  containing  0.35  per] 

SHOWN   in   Fig.    44,   after  annealing      cent.    Co,    showing    primary    CoZn^ 
5  HR.   at  400°  C,   showing  redistri-       X  150. 
BUTioN  OF  eutectic  MnZnt.      X  500. 

All  specimens  were  etched  with  chromic  acid. 
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Fig.  47. — Alloy  containing  0.04  per  Fig.  48. — Alloy  containing  0.10  per 

CENT.   Co  ANNEALED   48   HR.   AT  300°    C,         CENT.    Sn,     SHOWING    INTERCRYSTALLrNE 
SHOWING  REPRECIPITATEDC0ZN4.     X  350.         EUTECTIC   FILM.        X  50. 
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Fig.  49. — Alloy  containing  0.5  per      Fig.  50. — Alloy  containing  0.06  per 

CENT.  Sn,  showing  EUTECTIC.        X  50.  CENT.   Mg,  SHOWING  EUTECTIC.       X  150. 

All  SPECIMENS  etched  with  CHROMIC  ACID. 
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Fig.     51.— Alloy    containing     0.12  Fig.  52.— Alloy  containing  1.11  per 

PER      CENT.      Mg,      showing       EUTECTIC.         CENT.    Mg,    SHOWING   EUTECTIC    AT   HIGH 
X   150.  MAGNIFICATION.        X  750. 

All  SPECIMENS  etched  with  chromic  ACID. 


DISCUSSION 

George  K.  Burgess,*  Washington,  D.  C. — What  is  tho  reason  for 
the  increase  in  the  conductivity  of  zinc  when  a  small  amount  of  copper 
is  added. 

Willis  AI.  Peirce. — I  cannot  saj'.  When  we  noticed  that  there 
was  a  slight  increase  in  conductivity  with  the  first  slight  additions 
of  copper,  we  checked  the  results  and  found  that,  at  least  in  the  alloj's 
with  which  we  worked,  that  there  is  no  doubt  that  a  slight  increase  does 
occur.  It  is  entirely  possible  that  there  is  a  slight  deoxidizing  effect. 
Although  we  have  not  been  able  to  prove  whether  or  not  zinc  dissolves  its 
oxide;  a  slight  deoxidizing  effect  or  simph'  a  lowering  of  the  amount  of 
mechanically  included  oxides  maj^  account  for  the  increased  conductivity. 

D.  H.  Ingall,  Wednesbury,  Staffs.,  Eng.  (written  discussion). — 
With  regard  to  the  lead-zinc  system,  I  cannot  agree  with  Mr.  Peirce's 
microscopic  deductions  concerning  the  distribution  of  lead  as  small 
globules  between  the  growing  branches  of  the  zinc  crystals.  In  Fig.  19, 
the  large  polygonal  white  grain  shown  was  formed  during  solidification; 
and  if  the  lead  was  thrown  out  to  the  interstices  of  the  growing  branches 
of  zinc  crystals,  it  would  appear  in  the  grain  arranged  in  dendritic  form. 
The  photomicrograph  shows  that  it  appears  at  the  boundaries  of  small 
polygonal  areas  and  the  small  polygonal  areas  are  the  result  of  an  allo- 

*  Chief,  Division  of  Motallurgy,  Biiroau  of  Standards. 
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tropic  change  in  the  zinc  after  solidification  and  that  possibly  the  solu- 
bility of  lead  in  zinc  is  less  in  the  lower  temperature  allotrope  so  that  it  is 
thrown  out  at  the  small  grain  boundaries  formed  when  the  allotropic 
change  takes  place. 

J.  L.  Haughton,*  Woolwich,  Eng.  (written  discussion).— In  general, 
the  study  of  limited  sohd  solubility  in  metallic  systems  has  been  much 
neglected,  doubtless  because  of  the  length  of  time  and  the  trouble  involved 
in  securing  complete  equihbrium  and  the  difficulty  of  obtaining  an  etching 
reagenu  that  will  reveal  minute  traces  of  a  second  constituent  in  a  nearly 
homogeneous  material.  The  softer  metals,  tin,  lead,  zinc,  etc.,  are 
particularly  difficult  from  this  point  of  view,  and  the  frequent  cross 
hatching  found  in  zinc  does  not  render  the  matter  any  easier.  In  some 
cases.  Fig.  24,  for  example,  it  would  be  difficult  to  determine  traces  of  a 
second  constituent,  so  that  the  check  afforded  by  electrical  conductivity 
measurements  is  especially  valuable. 

The  author  in  every  case  gives  values  for  the  conductivity  of  the 
material  in  the  cold-rolled  condition,  as  well  as  in  the  annealed  state. 
It  is  dangerous  to  draw  any  conclusions  as  to  the  equilibrium  condition 
from  the  former,  as  the  conductivity  will  depend,  to  a  considerable  extent, 
on  the  amount  of  rolling,  etc.  Apart  from  this,  however,  some  interesting 
results  appear  on  comparing  the  conductivity  of  rolled  and  annealed 
samples.  Mr.  Peirce  points  out  that  in  every  case,  except  that  of  the 
aluminum-zinc  alloys,  the  conductivity  of  the  annealed  material  is 
higher  than  that  of  the  rolled  material.  This  is  not  the  only  anomaly  in 
the  aluminum-zinc  results;  in  the  rolled  material,  the  addition  to  zinc 
of  aluminum  (at  least  up  to  2  per  cent.)  raises  the  conductivity  practically 
continuously.  This,  surely,  is  an  isolated  exception  to  the  rule  that  the 
addition  of  a  second  metal  lowers  the  conductivity  when  solution  takes 
place.  The  same  is  partly  true  in  the  -case  of  the  partly  annealed  metal 
(Fig.  15,  curve  2)  where  the  conductivity,  after  the  first  drop,  rises  rapidly 
and  at  2  per  cent,  of  aluminum  is  as  high  as  that  of  pure  zinc.  Rolled 
aluminum-zinc  alloys  appear  to  be  anomalous  in  many  ways.  The 
writer,  in  collaboration  with  Doctor  Rosenhain  and  Miss  Bingham, 
showed  recently  that,  in  the  case  of  certain  aluminum-zinc  alloys  con- 
taining a  little  copper,  the  heat  of  solution  (in  acid)  of  rolled  material 
was  less  than  that  of  annealed  material,  which  is  contrary  to  what  is 
known  for  all  other  rolled  material.  In  conclusion,  the  writer  would  like 
to  express  his  appreciation  of  the  paper,  and  his  gratification  that  the 
author's  very  accurate  work  confirms  the  results  obtained,  on  the  copper- 
zinc  system,  by  Miss  Bingham  and  himself. 


*  Research  Dept.,  Royal  Arsenal. 
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K.  E.  Bingham,*  Teddiiigton,  Middlesex,  Eng.  (written  discussion). — 
The  author  is  to  be  commended  for  his  use  of  electrical  conductivity 
measurements  in  conjunction  with  microscopic  analysis  in  investigating 
the  equilibrium  conditions  of  the  binary'  zinc-base  alloys  which  he 
has  studied. 

With  reference  to  the  solubility  of  cadmium  in  zinc,  while  long 
annealings  are  probably  necessary  for  the  attainment  of  complete 
equilibrium,  unless  a  high-power  microscope  were  used  it  would  be  quite 
possible  to  miss  the  first  appearance  of  the  cadmium.  It  may  be  useful 
to  refer  to  the  investigation  by  the  writer  of  the  solubility  limits  of  cad- 
mium in  zinc  to  which  the  author  has  referred.  ^^  Fig.  4  in  that  paper 
represents  an  alloy  containing  1  per  cent,  cadmium  at  a  magnification 
of  1000  diameters.  This  specimen  was  annealed  for  173  hr.  at  150°  C, 
but  previous  to  that  treatment  it  had  been  annealed  at  250°  C.  for  89 
hr.  and  found  to  be  homogeneous.  After  an  anneal  of  89  hr.  at  250°  C. 
the  writer  found  only  a  trace  of  cadmium  in  an  alloy  containing  1.5  per 
cent,  of  that  metal,  which  agrees  with  the  author's  results.  The  writer 
cannot  confirm  the  author's  statement  that  "in  chill  castings  about  1.0 
per  cent,  of  cadmium  is  held  in  solid  solution  b}-  zinc."  Her  experience 
has  been  that  a  minute  trace  of  cadmium  can  be  distinguished  in  the  chill- 
cast  state  in  an  alloy  containing  as  little  as  0.25  per  cent,  of  that  metal, 
while  there  is  a  marked  increase  of  the  same  constituent  in  the  0.5  per 
cent,  cadmium  alloy.  This  agrees  better  with  the  author's  opinion  as  to 
the  necessity  of  long  annealings  than  his  own  observations  on  the  chill- 
cast  alloys  of  zinc  with  cadmium. 

It  is  gratifying  to  notice  that  the  author's  determination  of  the 
solubility  of  copper  in  zinc  is  in  reasonably  good  agreement  with  that 
of  the  writer  in  collaboration  with  Doctor  Haughton.''^  It  may  be 
pointed  out,  however,  that  the  solubility  line  given  by  Haughton  and 
Bingham  (see  Fig.  10  in  the  paper  quoted)  slopes  backwards  appreciably 
more  than  that  in  the  author's  diagram,  Fig.  4.  In  this  case  also  the 
writer  found  rather  less  solubility  in  the  chill-cast  state  than  that  indi- 
cated by  the  author,  and  the  presence  of  the  e  constituent  is  shown  in 
Fig.  10  in  the  paper  on  Zinc  Alloys  with  Aluminium  and  Copper,  bj^ 
Rosenhain,  Haughton  and  Bingham, ^^  which  represents,  at  a  magni- 
fication of  1000  diameters,  an  alloy  containing  1.3  per  cent,  of  copper, 
annealed  at  255°  C. 

Willis  M.  Peirce  (author's  reply  to  discussion). — As  stated  in  the 
paper,  the  lead  lines  occur  very  frequently  as  a  polygonal  network;  in 
nearly  as  many  cases,  however,  they  occur  as  parallel  lines.     The  arrange- 

*  The  National  Phj^sical  Laboratory. 
^^  See  foot-note  15. 
^^Proc.  Roy.  Soc.  London  (1921). 
3»/«Z.  Inst.  Metals  (1920)  23,201. 
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ment  of  these  lead  lines  is  not  inconsistent  with  the  original  explanation. 
While  Mr.  Ingall's  explanation  may  be  correct,  it  is  difficult  to  accept, 
without  further  evidence,  the  three  premises  on  which  the  theory  must 
rest,  viz.:  (1)  That  the  existence  of  an  allotropic  change  in  zinc  has  been 
definitely  established.  (2)  That  the  solid  solubility  of  lead  in  one  allo- 
trope  is  nearly  as  great  as  the  hquid  solubility  at  the  melting  point. 
(This  must  be  assumed  as  lead  up  to  about  1  per  cent,  is  present  as  these 
lead  lines.)  (3)  That  either  the  polygonal  structure  or  the  parallel 
arrangement  of  the  hues  is  more  indicative  of  separation  coincident  with 
an  allotropic  change  than  of  separation  during  freezing.  Until  at  least 
the  first  two  of  these  assumptions  are  conclusively  demonstrated,  the 
author  prefers  the  simpler  explanation. 

Doctor  Haughton  has  called  attention  to  several  anomahes  in  the 
aluminum-zinc  conductivity  curves,  which  the  author  hopes  eventually 
to  explain.  When  the  paper  was  prepared,  time  for  further  study  was 
lacking. 

The  author  fears  that  he  was  misled  by  the  statement  in  which  Miss 
Bingham  originally  reported  her  experiments  on  the  solid  solubility  of 
cadmium  in  zinc.  The  fact  that  the  specimens  "annealed  at  150°  C. 
for  several  hours  "  had  in  fact  been  annealed  a  week  after  being  previously 
homogenized,  satisfies  the  writer  that  Miss  Bingham's  results  represent 
equilibrium  conditions. 

It  is  quite  probable  that  with  sufficiently  drastic  chilling,  small 
amounts  of  secondary  cadmium  will  occur  in  alloys  containing  less  than 
1  per  cent,  cadmium.  It  is  evident,  from  the  conductivity  curves,  and 
microscopic  examination,  however,  that  even  in  chill-cast  alloys  contain- 
ing 1  per  cent,  or  less  of  cadmium,  the  latter  is  principally  in  solid  solu- 
tion. The  effects  on  mechanical  properties  that  might  be  anticipated 
from  this  fact  are  found  in  practice. 

With  regard  to  the  presence  of  e  in  the  15  per  cent,  copper  alloj^ 
annealed  at  255°  C.,  (Fig.  10  of  J\liss  Bingham's  paper  to  which  she 
refei's)  attention  is  called  to  Fig.  30  of  the  present  paper,  in  which  it  is 
shown  that  secondary  e  separates  from  this  alloy  upon  annealing  below 
315°  C.  The  appearance  of  the  e  in  Miss  Bingham's  photomicrograph 
is  typical  of  secondary  reprecipitated  e  at  high  magnification  as  observed 
by  the  writer. 

The  structure  of  annealed  specimens  has  no  bearing  on  the  determina- 
of  the  point  a  (Fig.  4),  however.  This  point,  which  marks  the  first 
appearance  of  e  as  a  primary  constituent,  must  be  determined  by  examina- 
tion of  unannealed  chill  castings  in  which  there  has  been  no  opportunity 
for  reabsorption  of  primary  e  or  reprecipitation  of  secondary  €.  The  point 
a  was  determined  in  this  manner  as  stated  in  the  paper. 
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The  Effect  of  Impurities  on  the  Oxidation  and 
Swelling  of  Zinc  Aluminum  Alloys 

H.    E.    BRATJER*    AXD    W.    M.    PEIRCE* 

Part  I 
INTRODUCTION 

Among  the  zinc  base  alloys  used  for  casting  in  metal  moulds,  par- 
ticularly die  casting,  those  alloys  containing  aluminum  usually  together 
w-ith  copper,  are  probably  the  most  \\-idely  used.  The  reason  lies  in  their 
desirable  mechanical  properties  and  the  fluidity  and  absence  of  hot  short- 
ness which  facihtate  casting. 

Objection  to  the  use  of  these  allo3's  msiy  be  raised  on  account  of  the 
rather  frequent  instances  of  failure  of  a  type  variously  described  as  dis- 
integration, exfoHation  and  interciystalline  corrosion.  In  all  cases  which 
have  come  to  our  knowledge  where  the  conditions  of  service  were  known, 
failure  has  occurred  upon  exposure  to  moisture  and  heat  varj-ing  from  a 
hot  moist  atmosphere  to  high  pressure  steam.  ^Moreover,  the  alloys 
described  in  all  such  cases  contain  impurities  or  allowing  metals  which  the 
present  authors  have  found  to  have  enormous  accelerating  effects  on 
intercrystalline  oxidation  in  zinc-aluminum  alloj^s. 

Thus  Williams^  experimented  -^ith  an  alloy  containing  a  large  per- 
centage of  tin  exiDOsed  in  Cuba.  Bauer^  reports  failure  of  a  boiler  plug 
containing  over  1  per  cent,  of  impurities,  doubtless  lead  for  the  most  part, 
and  Rawdon's^  examinations  were  made  on  an  alloj'  containing  0.4  per 
cent,  lead  also  exposed  to  the  Tropics. 

No  thorough  investigation  of  the  nature  and  cause  of  this  tj'pe  of 
failure  has  been  made  heretofore,  so  far  as  the  authors  are  aware,  although 
Rawdon  correctly  classified  it  as  internal  oxidation. 

We  have,  therefore,  carried  out  this  investigation  in  order  to  determine 
the  exact  nature  of  this  phenomenon  and  the  effect  of  other  metals  present 
as  impurities  or  intentional  additions  in  accelerating  or  retarding  it.  In 
the  appendix  we  include  a  considerable  amount  of  data  which  may  be 
valuable  in  selecting  an  alloy  combining  good  physical  properties  with 
high  resistance  to  oxidation. 

At  the  time  this  work  was  undertaken  the  best  available  equilibrium 

*Investigator,  Metal  Section,  Research  Division,  The  New  Jersey  Zinc  Company. 
iH.  W.  WiUiams— Jour.  Am.  Inst,  of  Metals,  Vol.  11,  p.  221  (1917). 
=0.  Bauer— Zeit,  fiir  MetaU  Kunde,  Vol.  12,  No.  7,  pp.  129-31  (1920). 
'H.  S.  Rawdon — Trans.  Am.  Electrochemical  Society  (1921). 
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diagram  of  the  zinc-aluminum  system  was  that  published  by  one  of  the 
present  authors"  based  on  the  work  of  Rosenhain  and  Archbutt  and  Bauer 
and  Vogel  supplemented  by  his  own  investigations.  Recently  the  work  of 
Hanson  and  Gaylor^  has  come  to  our  attention  and  their  findings  in  regard 
to  the  ^  constituent  have  been  useful  in  explaining  certain  of  our  results. 

Part  II 
SUMMARY  OF  RESULTS 

(a)     Investigation  of  pure  zinc-aluminum  alloys. 

We  have  found  that  the  type  of  failure  under  discussion  is  due  to 
intercrystalline  oxidation  which  attacks  a  but  not  y. 

When  the  ft  constituent  is  decomposed  into  a  and  y,  the  resulting 
structure  offers  an  enormous  number  of  secondary  grain  boundaries  in 
which  oxidation  can  occur. 

Expansion  measurements  show  that  quenching  from  above  the  decom- 
position temperature  of  ft  increases  the  expansion.  This  may  be  due  to 
the  fact  that  some  undecomposed  ft  remains  and  is  especially  susceptible 
to  oxidation  or  it  may  be  due  to  a  finer  particle  size  in  the  decomposed  ft 
or  to  both. 

This  o:ddation  occurs  at  a  rapid  rate  in  wet  steam.  Six  months'  exposure 
in  dry  air  at  100°  C,  however,  has  produced  no  attack.  Moisture  appears, 
therefore,  to  be  essential.  The  grain  size  of  zinc-aluminum  alloys  decreases 
with  increasing  aluminum  content  and  in  coarse  grained  alloys  (alloys 
below  two  per  cent,  aluminum)  the  depth  of  penetration  is  great  though 
the  expansion  may  be  slight. 

The  severity  of  intercrystalline  oxidation  as  affecting  the  physical 
characteristics  of  a  specimen  depends  upon  the  grain  size  and  the  presence 
or  absence  of  impurities,  or  other  metals  added  in  the  alloy. 

(b)     Investigation  of  zinc  aluminum  alloys  containing  other  metals. 

Certain  metals  when  present  even  in  hundredths  of  a  per  cent,  accelerate 
the  oxidation  noticeably.  Lead  is  the  most  powerful  accelerator.  Cadmium 
and  tin  are  nearly  as  effective.  Iron  is  somewhat  less  active.  Nickel  and 
manganese  when  present  alone  in  zinc  aluminum  alloys  are  moderately 
detrimental. 

Copper  to  the  extent  of  0.5  per  cent,  is  a  powerful  retarding  agent  and 
in  any  amount  up  to  5  per  cent,  is  more  or  less  beneficial. 

In  dense  castings  of  fine  grained  alloys  free  from  detrimental  impurities 
the  rate  of  penetration  is  very  small  and  uniform  resulting  in  a  slight 

*  W.  M.  Peirce— See  page  767. 

6  Hanson  and  Gaylor— Inst,  of  Metals  (1922). 
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expansion  without  distortion.  The  density  of  the  castings,  however,  is  of 
prime  importance,  and  in  die  castings  the  effect  due  to  differences  in  sound- 
ness of  the  castings  of  various  alloys  may  equal  the  effects  due  directly  to 
the  composition. 

In  zinc-aluminum  alloys  containing  detrimental  impurities,  the  depth 
of  penetration  and  the  expansion  are  very  pronounced  and  result  in  great 
distortion.  The  percentage  of  lead  and  cadmium  in  any  but  the  highest 
grade  zinc  is  sufficient  to  cause  this  effect  and  many  commercial  alloys  of 
this  tj'pe  contain  considerable  tin  which  is  an  accelerator. 

"While  in  chill  cast  alloj's  and  alloys  quenched  from  above  256°  C,  the 
amount  of  expansion  increases  with  increasing  aluminum  up  to  21  per 
cent.,  the  effect  of  impurities  may  entirely  overshadow  this. 

Thus  an  alloy  containing  onlj^  0.5  per  cent,  aluminum  together  with 
7  per  cent,  tin  and  3.75  per  cent,  copper  has  expanded  as  much  after 
15  days  in  steam  as  a  4  per  cent,  zinc  aluminum  alloy  containing  no  added 
metals  and  corrosion  has  penetrated  deeper.  On  the  other  hand,  an  alloy 
containing  0.5  per  cent,  copper  and  10  per  cent,  aluminum  expands  no 
more  in  15  days  than  a  0.10  per  cent,  zinc-aluminum  alloy  containing  no 
added  metal. 

The  rate  of  penetration  and  expansion  decreases  as  the  depth  of  pene- 
tration increases  in  the  case  of  fine  grained  alloj's  free  from  harmful 
impurities. 

It  is  the  belief  of  the  writers  that  zinc-aluminum-copper  alloys,  free 
from  appreciable  amounts  of  detrimental  impurities,  will  withstand  long 
exposures  to  any  natural  atmosphere  with  no  appreciable  loss  of  strength 
and  with  only  slight  expansion,  and  that,  except  in  tropical  climates,  no 
appreciable  expansion  will  occur. 

We  feel  that  the  alloy  containing  5  per  cent,  aluminum  and  2.5-3  per 
cent,  copper  made  with  a  high  grade  distilled  zinc  constitutes  a  very  great 
improvement  over  many  of  the  zinc  base  alloys  made  vdih.  impure  zinc 
now  in  use,  and  consequently  should  open  up  a  wdder  field  for  zinc  base 
die  castings. 

While  the  question  of  protection  of  these  alloys  from  oxidation  by  oil, 
paint,  enamel,  etc.,  has  not  yet  been  investigated,  it  is,  of  course,  clear  that 
a  coating  which  helps  to  exclude  oxygen  must  offer  some  protection  from 
the  intercrystalline  oxidation  which  causes  failure  of  these  alloys. 

Part  III 

METHODS 

Exposure  to  wet  steam  as  a  means  of  testing  the  stabiHty  of  zinc- 
aluminum  alloys  has  been  used  by  others  and  is  without  doubt  the  best 
means  of  obtaining  rapid  corrosion  in  these  alloys.  The  results  of  the  test 
led  to  the  conclusion  arrived  at  by  the  present  authors,  that  the  combined 
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effect  of  heat  and  moisture  is  responsible  for  the  failure  of  zinc-aluminum 
alloys. 

The  test  was  made  in  a  carefully  insulated  metal  hned  tank  2^4  ft. 
wide,  5H  ft.  long  and  4  ft.  high.  Water  was  retained  in  the  tank  to  the 
height  of  about  II/2  ft-,  and  was  held  at  100°  C.  by  three  electrical  resis- 
tance coils.  Exposure  samples  were  suspended  in  the  steam  in  brackets. 
A  firmly  clamped  cover  prevented  steam  from  escaping  to  any  appreciable 
extent. 

Although  the  steam  test  produces  fundamentally  the  same  tj^^e  of 
failure  as  exposure  in  a  warm,  moist,  natural  atmosphere,  that  is,  inter- 
crystalline  oxidation,  nevertheless  it  is  a  very  drastic  test.  Thus,  while 
we  believe  it  to  be  a  useful  method  of  determining  whether  one  alloy  is 
superior  to  another,  nevertheless  in  the  light  of  the  present  investigation 
we  have  come  to  feel  that  the  temperature  of  steam  is  too  high  to  yield 
results  thoroughly  indicative  of  what  may  be  expected  to  occur  upon 
ordinary  atmospheric  exposure.  This  is  in  harmony  wdth  the  statement 
made  by  Williams  (loc.  cit.),  "We  consider  that  the  effect  of  moist  air  at 
176°  F.  (80°  C.)  is  the  most  severe  condition  which  will  cause  rapid  swelling 
of  the  alloy  and  yet  not  destroy  the  surface  of  the  wheels." 

One  practical  instance  which  came  under  our  observation  was  the  case 
of  a  die  casting  made  of  high  grade  zinc,  containing  12  per  cent,  aluminum 
and  3  per  cent,  copper.  One  of  the  writers  examined  several  of  these 
castings  which  had  been  exposed  out  of  doors  in  Eastern  Pennsylvania 
for  about  two  years.  The  fracture  showed  onlj?-  a  very  thin  surface  film  of 
oxide  and  the  casting  had  not  swelled  appreciably.  Fortunately,  a  number 
of  the  same  castings  were  available  for  a  steam  test  and  one  day  in  wet 
steam  produced  appreciable  swelling  and  penetration. 

We  may  mention  here  a  matter  more  fully  discussed  later.  Our  tests 
were  made  on  sound  open  mould  castings,  whereas  die  castings  invariably 
contain  entrapped  air  and  offer  more  free  paths  for  penetration. 

On  account  of  these  two  factors,  viz.,  the  accelerated  nature  of  the 
test  and  the  nature  of  the  castings  from  which  our  specimens  were  taken, 
we  wish  to  emphasize  that  at  least  for  the  present,  the  data  in  this  paper 
must  be  viewed  as  comparative  and  not  quantitative  in  any  sense  of  direct 
application  to  the  behavior  of  commercial  die  castings. 

To  ascertain  whether  expansion  is  due  solely  to  oxidation  and  to  deter- 
mine whether  the  presence  of  moisture  is  necessar}^  for  oxidation,  sets  of 
specimens  from  the  first  series  of  alloys  were  tested  both  at  room  tem- 
perature and  at  95°  C .  in  air,  in  oil,  and  in  CO2. 

A  few  specimens  were  weighed  before  and  after  exposure  to  steam,  to 
determine  the  approximate  magnitude  of  the  oxidation. 

The  specimens  used  were  all  of  one  type,  namely,  sections  half  an  inch 
thick  and  1^  inches  in  diameter,  cut  from  a  cylinder  of  the  same  diameter 
and  15  inches  long. 
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Three  duplicate  specimens  were  used  for  each  set  of  conditions.  One 
of  these  was  fractured  and  sectioned  for  examination  at  an  intermediate 
stage  in  most  of  the  tests.  At  least  two  check  specimens,  however,  are 
represented  in  the  expansion  results  throughout. 

Expansion  in  each  specimen  was  measured  between  the  parallel  milled 
ends.  Micrometer  readings  to  .0001  inch  were  taken  at  two  marked  points. 

Micro-specimens  representing  nearly  every  composition  and  heat 
treatment,  before  and  after  exposure  and  at  one  or  more  stages  during 
exposure,  were  prepared.  Tearing  and  rounding  the  edges  of  the  cross- 
sections  was  prevented  by  clamping  each  specimen  between  iron  strips 
with  soft  zinc  liners  during  polishing. 

For  etching  alloys  up  to  5  per  cent,  aluminum,  a  solution  of  20  grams 
of  C.  P.  Cr203,  1.5  grams  of  Na2S04  (anhyd.)  in  100  cc.  water  was  used. 
The  time  was  7  to  12  seconds.  Alloys  containing  from  5  to  50  per  cent, 
aluminum  were  etched  2  or  3  seconds  in  the  above  solution  followed  by 
5  to  8  seconds  in  weak  hydrofluoric  acid.  These  alloys  could  also  be  etched 
in  a  chromic  acid  solution  similar  to  the  above  but  containing  less  Na2S04. 
High  aluminum  alloys  were  etched  in  hydrofluoric  acid. 

The  depth  of  penetration  of  corrosion  and  the  crystal  structure  were 
also  observed  macroscopically  on  fractured  specimens.  Corroded  areas 
were  easily  distinguishable  by  their  dark  appearance. 

The  15  in.  x  Ij/^  in.  cylinders  or  bars  from  which  the  specimens  were 
cut  were  chill  cast  in  a  heavy  walled  iron  mould.  Pyrometric  control  of 
metal  and  mould  temperature  was  used  to  insure  uniform  casting  con- 
ditions. 

It  is  evident  from  the  equilil^rium  diagram  that  alloys  up  to  about 
75  per  cent,  aluminum  undergo  a  phase  change  at  256°  C.  (yS— >-a-j-y). 
Thus,  in  our  first  series  of  alloys  three  bars  were  cast,  one  of  which  was 
left  in  the  chill  cast  condition.  The  other  two  were  homogenized  by  a 
forty-hour  anneal  at  a  temperature  of  350°  C.  for  alloys  up  to  21  per  cent, 
aluminum  and  410°  for  alloys  above  the  concentration  in  which  there 
should  be  no  eutectic.  One  of  these  bars  was  then  slowly  cooled  in  the 
furnace  to  room  temperature  and  the  other  quenched  from  300°  C. 

In  this  way  we  have  sought  to  ])ring  the  constitutional  factor  to  bear 
on  these  investigations. 

Later  a  check  run  showed  that  re-annealing  a  set  of  slowly  cooled 
specimens  12  hours  at  230°  C.  caused  no  variation  in  the  subsequent 
exposure  tests. 

In  malcing  up  the  alloys,  metals  of  the  analyses  given  in  Table  1  were 
used. 

Analyzed  intermediate  alloys  were  used  where  necessarj''  to  obtain 
easy  allo^dng  and  accurate  control  of  composition. 

For  the  first  experiments,  planned  from  a  purely  theoretical  point  of 
view,  a  series  of  alloys  were  made  from  C.  P.  zinc  and  the  purest  commercial 


h.  e.  brauer  and  w.  m.  pierce 

Table  1 

Metals  Used  in  Alloys  and  Their  Analyses 
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Metal 

C.  P.  Zinc 

High  grade  Distilled  Zinc 

Intermediate     Zinc     (exceptionally 

pure) 

Prime  Western  Zinc 

Aluminum 

Copper 

Nickel 

Manganese 

Lead         ) 

Cadniium>  Best  grades  obtainable 

Tin  I 


Designation 


"A" 
"B" 

"C" 
"D" 

0.42%  Fe 
Best  grade 
Best  grade 

97%  Mn. 


Pb 


Less  than  0 .  005 
0.039 

0.070 
0.610 
0.44%  Si 

electrolytic 

electrolytic 


%  Cd 


0.060 
0.620 
0.06% 


%  Fe 


0.007 
0.010 

0.003 
0.007 
Cu 


aluminum  available  at  that  time.  In  this  series,  the  compositions  of  which 
are  shown  by  a  series  of  dots  at  the  top  of  Fig.  5,  we  endeavored  to  represent 
each  structural  field,  as  indicated  by  the  diagram,  and  to  cover  with  especial 
thoroughness  the  zinc  rich  region.  The  compositions  are:  C.  P.  zinc, 
0.05,  0.10,  0.25,  0.50,  2.00,  5.00,  10.00,  40.00  and  90.00  per  cent,  aluminum. 
A.  similar  series  of  alloys  including  somewhat  different  concentrations 
were  prepared  to  obtain  the  data  for  curves  in  Fig.  5,  which  shows  the 
variation  in  expansion  with  aluminum  content.  The  compositions  were: 
6,  10,  15,  21,  24,  30,  40,  50,  65  per  cent,  aluminum.  These  alloys  were 
made  and  tested  in  duplicate,  as  shown  by  dots  in  Fig.  5. 

Table  2 

Alloys  Tested  to  Determine  the  Effect  of  Added  Elements  on  the 
Rate  of  Corrosion  of  Zinc  Almninum  Alloys 


No. 

%  Zn  (C.  P.) 

%  Al 

Added  Metal  %  of  Total 

1 

90 

10 

2 

90 

10 

0.5%  Pb 

3 

90 

10 

0.2%  Cd 

4 

90 

10 

0.5%Pb,  0.2%Cd 

5 

90 

10 

0.025%  Fe 

a 

90 

10 

0.5%  Su 

7 

89.5 

10 

0.5%  Cu 

8 

85.0 

10 

5.0%  Cu 

9 

85.0 

12 

3.0%  Cu 

10 

89.5 

10 

0.5%  Mn 

11 

89.9 

10 

0.1%  Ni 

12 

87.5 

10 

2.5%  Ni 
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For  the  second  series  of  experiments  it  was  planned  to  determine  the 
effect  of  impurities  occurring  in  zinc  and  certain  addition  metals  on  the 
rate  of  corrosion  of  alloys.  C.  P.  zinc  was  used  in  these  experiments  also. 
The  following  table  gives  the  compositions  of  the  alloys  used. 

These  alloys  were  tested  in  the  manner  previously  described  but  only 
in  the  chill  cast  condition. 

In  order  to  determine  more  directly  the  effect  of  impurities  in  zincs 
on  the  corrosion  of  die  casting  alloys,  each  one  of  five  commercial  die 
casting  alloys  was  cast  up  with  the  various  spelters,  '*A  to  D,"  given  in 
Table  1.   The  composition  of  the  alloys  is  given  in  Table  3  below. 

Table  3 

Alloys  Cast  up  With  Various  Commercial  Zincs 


No. 

%Zn 

%  Al 

%  Cu 

%  Sn 

13 

85 

12 

3.0 

14 

85 

10 

5.0 

15 

90.75 

0.5 

2.75 

6.00 

16 

90 

5.0 

5.00 

17 

89 

10.0 

1.00 

Table  4* 
Probable  Commercial  Alloys 


No. 

%Zii 

%  Al 

%Cu 

%  Ni 

18 

94.5 

5.00 

0.50 

19 

93.5 

5.00 

1.50 

20 

93.4 

5.00 

1.50 

0.10 

21 

92.0 

5.00 

3.00 

22 

90.0 

5.00 

5.00 

23 

89.0 

7.00 

4.00 

(Ternary  Eutectic) 

24 

92.5 

7.00 

0.50 

25 

91.5 

7.00 

1.50 

26 

91.4 

7,00 

1.50 

0.10 

27 

90.0 

7.00 

3.00 

28 

88.0 

7.00 

5.00 

29 

89.5 

10.00 

0.50 

30 

88.5 

10.00 

1.50 

31 

88.4 

10.00 

1.50 

0.10 

32 

87.0 

10.00 

3.00 

33 

85.0 

10.00 

5.00 

34 

85.0 

12.00 

3.00 

*In  addition  to  the  corrosion  studies,  tensile  tests  were  made    on  all  alloys  (cf. 
Table  5  of  Appendix). 
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Ha\ang  determined  the  effect  of  impurities  and  various  added  metals 
on  the  rate  of  corrosion  of  zinc-aluminum  alloj^s,  a  new  set  of  compositions 
designed  to  include  a  large  number  of  alloys  of  probable  commercial 
significance  was  selected,  as  represented  in  Table  4. 

Part  IV 
RESULTS 

Discussion  of  Tests  on  Biliary  Alloys  Made  With  C.  P.  Zinc 

(a)  Microexamination  of  sections  through  exposed  specimens  has 
revealed  most  clearly  the  nature  of  the  deterioration  of  these  alloys. 
We  have  found : 

First — That  all  evidences  of  corrosion  begin  at  crystal  boundaries 
whenever  crystal  boundaries  can  be  resolved. 

Second — That  corrosion  proceeds  from  the  surface  inwards. 

Third — That  the  corrosion  is  most  severe  in  chill  cast  specimens  and 
least  severe  in  slowly  cooled  specimens. 

Fourth — That  areas  of  the  (3  structure  whether  in  quenched  or  slowly 
cooled  specimens  appear  to  be  completely  oxidized.  This  will  be  more 
fully  discussed  shortly  in  connection  with  the  expansion  measurements. 

Fifth— Specimens  exposed  to  dry  air  at  100°  C.  for  6  months  show  no 
attack. 

(b)  The  expansion  curves  (plotted  expansion  in  inches  against  time 
of  exposure  or  in  some  cases  against  composition)  furnished  an  index  to 
the  amount  of  metal  oxidized.  Curves  in  Figs.  1,  2  and  3  show  the  effect 
of  500  hours'  exposure  to  wet  steam  on  three  series  of  alloys,  1  chill  cast, 
2  quenched  and  3  slowly  cooled. 

Fig.  4  shows  the  same  results  plotted  to  show  the  effect  of  composition. 
Fig.  5  shows  expansion  curves  superimposed  on  the  equilibrium  dia- 
gram of  Hanson  and  Gaylor. 

(c)  A  few  samples  were  weighed  before  and  after  exposure  to  steam. 
The  increase  in  weight  due  to  oxidation  indicated  that  in  the  case  of  an 
impure  alloy  very  badly  attacked  at  least  15  per  cent,  of  the  metal  has 
been  oxidized. 

(d)  Our  investigation  has  shown  that  the  a  constituent  is  attacked 
by  intercrystalline  corrosion  and  that  the  y  constituent  is  not. 

The  microscopic  evidence  would  indicate  that  the  /?  structure,  whether 
quenched  or  slowly  cooled,  is  completely  penetrated.  We  have  not,  how- 
ever, resolved  the  structure  of  the  unattacked  slowly  cooled  13,  which 
should  be  a  duplex  structure  of  a+y,  and  hence  it  is  impossible  from 
the  microscopic  e\ddence  to  determine  the  nature  of  the  attack  on  this 
constituent 
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The  expansion  curves,  liowcvoi-,  reveal  a  pronounced  difference  between 
the  slowly  cooled  and  chill  cast  or  quenched  alloys  containing  fi. 

According  to  Hanson  &  Gaylor,  the  reaction  |S->a+y  takes  place 
rapidly  at  room  temperature  even  in  quenched  alloys.  If  this  is  so,  the  (3 
constituent  never  exists  below  256°  C,  but  the  structure  observed  and 
called  (3  is  in  reality  a  mixture  of  finely  divided  a+y.  The  hardness  of 
alloys  in  the  yS  range  has  been  shown  by  the  above  authors  to  vary  with 
ageing  and  the  explanation  would  appear  to  rest  upon  a  progressive 
increase  in  the  size  of  the  a  and  y  particles.  A  similar  variation  in  particle 
size  must  also  result  from  variation  in  the  rate  of  cooling  from  256°  C,  to 
room  temperature. 

The  writers  believe  that  the  most  logical  explanation  of  all  differences 
in  the  amount  of  expansion  encountered  in  these  alloys  depends  on  two 
factors,  of  which  the  first  is  variation  in  grain  or  particle  size,  and  hence 
variation  in  the  number  of  grain  boundaries  where  oxidation  can  occur. 

Another  point  factor  controlling  the  oxidizing  attack  on  these  alloys 
is  the  distribution  of  the  two  constituents  a  and  y,  the  former  of  which 
we  have  shown  is  subject  (when  constituting  a  single  phase  alloy)  to  inter- 
crystalline  attack  and  the  latter  of  which  is  not  so  attacked.  If  these  two 
phases  maintain  their  characteristics  when  in  contact  with  each  other, 
the  effect  of  heat  treatment  becomes  complex  in  the  range  between  about 
15  and  35  per  cent,  aluminum,  as  shown  in  Fig.  5. 

The  general  feature  of  the  curves  in  Fig.  5  can  be  correlated  and  at 
least  tentatively  explained  on  the  premises  set  forth  in  the  two  preceding 
paragraphs.  Thus  the  alloys  quenched  from  300°  C.  should  contain 
decomposed  /?,  but  the  a  and  y  particles  in  this  should  be  of  the 
smallest  possible  size,  and  oxidation  should  be  severe.    This  is  the  case. 

The  alloys  slowly  cooled  from  350°  C.  differ  from  the  quenched  alloys 
in  two  respects.  First,  the  a  and  y  particles  of  the  decomposed  fi  have 
had  an  opportunity  to  grow  below  256°  C.  Between  350°  and  256°  C. 
separation  of  a  and  y  along  the  lines  FK  and  HK  has  had  an  opportunity 
to  occur  and  the  presence  of  envelopes  of  y  or  a  around  the  (3  grains 
may  explain  the  drop  in  the  expansion  curve. 

The  fact  that  chill  cast  alloys  are  somewhat  more  rapidly  attacked  than 
alloys  quenched  at  300°  C,  may  be  due  to  rapid  cooling  through  the  entire 
range  from  the  point  of  freezing  to  the  decomposition  temperature,  instead 
of  from  300°  only. 

The  slight  amount  of  oxidation,  as  measured  by  expansion,  above 
40  per  cent,  aluminum,  indicates  that  the  presence  of  a  matrix  of  y  (which 
must  be  present  from  about  this  point  up  to  pure  aluminum)  protects 
the  enclosed  decomposed  /3  and  secondary  a  from  attack. 

Micrographs,  Figs.  15  to  22,  show  unexposed  specimens.  Fig.  15  is 
C.  P.  Zinc  and  Fig.  16  is  0.25  per  cent,  aluminum  chill  cast.   Fig.  17  shows 
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eutectic  in  a  chill  cast  2  per  cent,  aluminum  alloy.  Figs.  18  and  19  show 
the  effect  of  a  forty-hour  anneal,  in  causing  collcscence  of  ^  in  an  alloy  of 
approximately  eutectic  composition. 

Figs.  20,  21  and  22  show  the  variation  in  the  appearance  of  p,  caused 
b}^  different  rates  of  cooling. 

Micrographs  23  to  31  show  the  effect  of  197  hours'  exposure  to  wet 
steam.  Fig.  23,  C.  P.  Zinc,  shows  a  slight  edge  (surface  or  exterior)  attack 
due,  we  believe,  to  the  tearing  of  the  surface  in  machining.  This  invariably 
occurs  to  a  slight  extent  in  cutting  coarse  grained  zinc.  Fig.  24  shows  a 
decidedly  intercrystalline  and  very  deep  penetration  in  an  alloy  containing 
0.25  per  cent,  aluminum.  Fig.  25  shows  penetration  in  a  chill  cast  2  per 
cent,  aluminum  alloy.  The  grain  is  finer  and  the  depth  of  penetration  less. 
Figs.  26,  27  and  28,  a  and  b,  show  penetration  of  the  5  per  cent,  alloy  as 
chill  cast,  slowly  cooled  and  quenched,  respectively.  At  this  stage  of 
penetration  the  attack  is  still  largely  intercrystalline.  Figs.  29,  30  and  31 
show  a  similar  series  in  the  case  of  the  10  per  cent,  alloy.  Here  the  (3  is 
being  severely  attacked. 

Micrographs  32,  33  and  34  show  the  10  per  cent,  allo}^  after  600  hours 
in  steam  at  a  magnification  of  250  diameters.  The  areas  of  f3  are  com- 
pletely altered  in  appearance. 

Fig.  6  shows  the  great  variation  in  depth  of  penetration  caused  by 
large  variation  in  grain  size.  The  photograph  shows  the  fractures  of  three 
different  alloys  under  three  different  conditions  of  heat  treatment  after 
600  hours  in  steam.  Corrosion  has  gone  entirely  through  specimens  4263 
and  4363  (Fig.  6)  because  of  their  enormous  grain  size.  Specimens  5163, 
5263  and  5363,  having  a  small  grain  size,  show  least  penetration. 

Alloys  composed  wholly  of  y  show  no  penetration.  INIicroscopic  exami- 
nation of  a  90  per  cent,  aluminum  alloy  has  verified  this  fact  although  no 
micrograph  is  shown. 

Part  ^' 
Discussion  of  Tests  Made  on  Alloys  Containing  One  or  More  Added  Metals 

Micro-examination  of  sections  through  exposed  specimens  of  alloys 
containing  various  metals  occurring  naturally  as  impurities  or  metals 
intentionally  added,  has  served  admirably  to  determine  the  depth  to 
which  corrosion  has  penetrated. 

The  effect  of  impurities  and  other  metals  on  the  rate  of  corrosion  of 
zinc-aluminum  alloys  in  the  series  made  up  with  C.  P.  Zinc  (Table  2)  is 
shown  in  Figs.  35  to  46.  Since  corrosion  also  varies  with  the  aluminum 
content,  these  micrographs  with  the  exception  of  Fig.  46  were  made  from 
alloys  containing  the  same  percentage  of  aluminum,  viz.,  10  per  cent. 

After  144  hours'  exposure  to  steam  the  first  signs  of  corrosion  are 
visible  in  the  alloy  of  C.  P.  Zinc  and  aluminum  without  any  other  additions 


H.    E.    BRAUER    AXD    W.    M.    PEIRCE 


809 


.^^-ipwr^TW^j^ 


!^F9^^^^^ 


v3l  bo 


>336s3 


:52lo3 


0.25%  Al— chill  cast.  Pene- 
tration very  deep  as  shown 
by  dark  border. 


0.25%  Al — annealed  at  350° 
C.  and  slowly  cooled.  Grain 
size  approximately  same  as 
3163  but  less  marked  pene- 
tration. 


0.25%  Al— annealed  at  350* 
C.  and  quenched  from  300° 
C.  Grain  size  same  as  3263. 
Penetration  greater. 


'fifc: 


4263 


4^6  3 


0.50%  Al— chill  cast.  Grain 
size  less  than  3163.  Pene- 
tration also  less. 


0.50%  Al — annealed  at  350° 
and  slowly  cooled.  Enor- 
mous grain  size.  Corrosion 
entirely  thru  specimen. 


0.50%  Al— annealed  at  350° 
C.  and  quenched  at  300°  C. 
Large  grain  size.  Corrosion 
entirely  thru  specimen. 


5'/^3 


5zy^ 


5363 


2.00%  Al — chill.    Small  grain 
size. 


2%  Al — annealed  at  350"  C. 
and  slowly  cooled. 


2%  Al — annealed  at  350  °C. 
and  quenched  from  300  °C. 


ALLOYS  OF  C.  P.  ZINC  AND  AI^EXPOS^D  TO  STEAM  600  HOURS. 

Penetration  less  marked  at  edges  than  in  above  specimens  due  to  small  grain  size. 
Corrosion  has  penetrated  through  center  due  to  porosity  of  casting. 

Fig.  6. 
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F16  7-EXPANBlON  CUFtVES  OF  ALLOYS  5H0W1N5  THE  EFFECT  OF  ADDITIONS  ON  THE  CORROSION  OF  ZINC-ALUMINUM 
ALLOYS  ON  EXPOSURE  TO  STEAM      UsiNS  C  PZinc 


200  sso  300  aso 

Fl&a-EXPANSION  CURVES  OF  ALLOYS  SHOWINe  THE  EFFECT  OF  ADOITIONAL  METALS  ON  THE  CORROSION  OF  ZINC" 
-ALUMINUM  ALLOYS  ON  EXPOSURE  TO  B0IUN5  WATtR    USING  CP  Zinc 
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(Fig.  35),  while  the  alloys  containing  0.5  per  cent,  tin,  0.2  per  cent,  cadmium 
and  0.5  per  cent,  lead  (Figs.  37,  38  and  39)  are  penetrated  to  a  marked 
extent,  especially  the  last  mentioned.  The  alloy  containing  0.5  per  cent, 
copper  is  not  visibly  attacked. 

After  288  hours,  or  12  days,  exposure  to  steam,  the  alloys  containing 
tin,  lead  and  cadmium  had  corroded  so  severely  that  oxidized  layers  could 
be  peeled  off  and  the  specimens  had  been  distorted  considerably  (micro- 
graphs were,  therefore,  not  prepared).  The  pure  zinc-aluminum  alloy 
(Fig.  40)  showed  considerable  corrosion.  In  alloys  containing  small 
quantities  of  copper  (Figs.  41  and  42)  corrosion  had  just  become  visible. 

Finally,  microsections  were  prepared  after  572  hours,  or  approximately 
24  days  in  steam.  Micrographs  of  these  are  shown  in  Figs.  43  to  46. 
They  show  conclusively  the  retarding  effect  of  the  addition  of  copper  on 
the  corrosion  of  zinc-aluminum  alloys.  Fig.  46  shows  furthermore  that  a 
5  per  cent,  aluminum  alloy  with  the  requisite  amount  of  copper  and  made 
with  C.  P.  Zinc  appears  almost  unattacked  after  24  days  in  wet  steam. 

The  facts  illustrated  in  the  micrographs  lead  to  some  speculation  as  to 
what  causes  acceleration  or  retardation  of  corrosion  in  these  alloys.  Copper 
probably  causes  the  formation  of  a  protective  coating  which  slows  down 
oxidation.  Lead,  cadmium,  tin  and  iron,  on  the  other  hand,  probably 
render  the  coating  more  permeable  to  oxygen  or  moisture. 
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On  the  other  hand,  the  marked  effect  of  other  elements  on  the  rate  of 
corrosion  might  be  attributed  to  constitutional  changes,  as  for  example: 
a  change  in  the  rate  of  decomposition  of  p,  or  a  change  in  the  distribution 
of  a  and  y. 

The  alloys  thus  far  considered  were  made  of  C.  P.  Zinc  and  represent 
ideal,  but  not  practical,  conditions.  Figs.  47  to  54  are  micrographs  of  alloys 
made  with  a  high  grade  distilled  zinc  analyzing  0.039  per  cent,  lead, 
0.010  per  cent,  iron  and  less  than  0.005  per  cent,  cadmium  (Table  4). 
A  comparison  between  Figs.  46  and  54  shows  that  the  effect  of  very  slight 
impurities  is  noticeably  harmful  when  alloys  are  subjected  to  the  intense 
corrosive  action  of  steam  for  22  days. 

A  type  of  zinc  base  alloy,  containing  considerable  tin  (5-7  per  cent.) 
and  a  small  amount  of  aluminum  (about  0.5  per  cent.)  is  in  common  use 
and  an  example  has  been  included  (No.  15,  Table  3).  Fig.  52  shows  such 
an  alloy  after  long  exposure  to  steam.  Corrosion  is  considerably  more 
severe  than  in  alloys  containing  5  per  cent,  aluminum  and  small  per- 
centages of  copper  (Figs.  53  and  54). 

In  alloys  of  small  grain  size,  made  with  a  high  grade  distilled  zinc,  the 
rate  of  corrosion  is  probably  more  clearly  indicated  by  expansion  curves. 
However,  in  view  of  the  two  factors,  depth  of  penetration  and  amount 
of  expansion,  affecting  corrosion,  microstructure  and  expansion  should  be 
considered  together.  The  effect  of  ordinary  impurities  and  various  other 
metals  intentionally  added,  on  the  rate  of  expansion  of  alloys,  of  C.  P. 
Zinc  and  aluminum  is  shown  by  the  curves.  Figs.  7  and  8,  Fig.  7  showing 
the  effect  of  steam  and  8  of  boiling  water.  The  effect  of  various  com- 
mercial zincs  on  the  rate  of  corrosion  of  certain  die  casting  alloys  is  shown 
in  Figs.  9  to  13.  Fig.  14  shows  the  effect  and  corrosion  of  varying  the 
aluminum  and  the  copper  in  zinc-aluminum-copper  alloys  made  up  with 
a  high  grade  distilled  zinc. 

The  harmful  effects  of  lead,  cadmium,  tin  and  iron,  respectively,  as 
well  as  the  beneficial  action  of  copper  are  clearly  shown  in  Figs.  7  and  8. 
Nickel  and  manganese  (curves,  Figs.  7  and  8)  do  not  effect  the  rate  of 
corrosion  seriously  and  were,  therefore,  not  dealt  with,  in  detail  after 
the  first  experiment  with  C.  P.  Zinc  and  aluminum  (Table  2). 

The  importance  of  the  use  of  pure  zinc  in  zinc-aluminum-copper  alloys 
is  clearly  seen  on  examination  of  Figs.  9  to  12. 

The  expansion  of  the  commercially  important  high  tin,  low  aluminum 
alloy,  when  made  up  with  various  commercial  zincs,  is  shown  in  Fig.  13. 

It  may  be  noted  in  this  connection  that  while  this  type  of  alloy  shows 
fairly  satisfactory  permanence  when  made  from  any  grade  of  spelter, 
it  is  inferior  in  this  respect  to  the  alloys  containing  moderate  percentage 
of  aluminum  and  copper  but  no  tin,  with  the  distinct  reservation  that  they 
be  made  from  high  grade  distilled  metal.  These  facts  may  be  best 
appreciated  by  comparing  Figs.  13  and  14. 
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Fig.  15 


C.  P.  Ziiic— chill    cast. 


X_uu. 


Fig.  16. 


0.2b%  Al— chill  ca.t. 


Xl'OU. 


Fig.  17. 


2.007c  Al— chill  cast. 


X200. 


Fig.  18. 


5.00%  Al— chill  cast. 


X2UU. 


Fig.  19. 


X200. 


5.00/b  Al — annealed  at  350°  and  slowly  cooled. 


10' (,  .\1— cliili  cast. 


x:oo. 


ALLOYS   MADE   WITH   C.   P,    ZINC. 

In  the  case  of  micrograph.s  of  specimens  exposed  to  stoani,  the  edge  of  specimen'  may 

be  found  at  the  left. 
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Fig.  21.  X200.  Fig.  22.  X200. 

10%  Al^annealed  at  350°  C.  and  quenched         10%  Al — annealed  at  350°  C.  and  slowly  cooled, 
from  300°  C. 


Fig.  24-a  (edge).  XloO.  Fig.  2-i-b  (center  1). 

0.25%  Al — chill  oast.     Exposed  to  steam  197 
hours. 


XloO. 


yr 


1 


Fig.  24-c  (center  2). 

VOL.    LXVJII. 53 


X150.         Fig.  2-1-d  (center  3). 

ALLOYS  MADE  WITH   C.   P.   ZINC. 


X150. 
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Fig.  2o  (edge) 


XloO. 


C.^P.  Zinc— chill  cast.     Exposed  to  steam  197  2.00%  Al — chill  cast.     Exposed  to  steam  197 

hours.  hours. 


Fig.  28-a  (edge).  X150.         Fig.  2S-b  X1.50. 

5.00%  Al— annealed  at  350°  C.  and  quenched         5.00%  Al— annealed  at  350°  C.  and  quenched 

from  300°  C.     Exposed  to  steam  197  hours.  from  300°  C.     Exposed  to  steam  197  hours. 

ALLOYS   MAPE  WITH   C   P.  ZINC. 
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Fig.  29  (edge).  X150.  Fig.  30  (edge).  X150. 

10%   Al — chill   cast.      Exposed   to  steam    197  10%    Al — annealed    at    350°    C.    and    slowly 

hours.  cooled.     Exposed  to  steam  197  hours. 


Fig.  31  (edge).  XloO.  Fitr.  3.'  :  near  edge).  X-'.JO. 

10%   Al — annealed  at  350°  C.   and  quenched  10%  Al  —  chill  cast.     Exposed  to  steam  600 

from  300°  C.   Exposed  to  steam  197  hours.  hours. 


1  iL      ;.:        ar  edge).  X2.50. 

10'^     A I   -Linnealed    at    350°    C.    and    slowly 

cooled.     Exposed  to  steam  600  hours. 


Fig.  34  (near  edge).  X250. 

10%  Al — annealed  at  350°  C.  and  quenched 

fromi  300°  C.     Exposed  to  steam  600  hours. 


ALLOYS  MADE  WITH  C.  P.   ZINC. 
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Fig.  35  (edge).  XIOO. 

90%  Zn,  10%  Al.     Very  slight  penetration  of 

corrosion. 


Fig.  30  (edge).  XIOO. 

Ratio  Zn  :  Al— 90  :  10,  0.5%  Cu.     No  visible 

trace  of  corrosion. 


tf/>';' 


.^  ^ 


Fig.  37  (edge).  XIOO. 

Ratio  Zn  :  Al— 90  :  10,  0.5%  Sn.    Severe  depth 

of  penetration.     Vertical  lines  show  progress 

of  corrosion. 


Fig.  38  (edge).  XIOO. 

Ratio  Zn  :  Al— 90  :  10,  0.2%  Cd.     Black  por- 
tion shows  average  depth  of  penetration. 


Fig.  39  U-dge).  XlOO. 

Ratio  Zn  :  Al— 90  :  10.  0.5%  Pb.     \'ery  severe 

corrosion  to  considerable  depth. 

ALLOYS   MADE   WITH   C.   F,   ZINC. 

Specimens  exposed  to  steam  144  hours.    All  specimens  in  chill  cast  condition. 
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Fig.  40  (edge 


90%  Zn,  10%  Al. 


XIOO. 


Fig.  41  (edge).  XIOO. 

Ratio  Zn  :  Al— 90  :  10,  0.5%  Cu.     Very  slight 

corrosion  at  edge  of  specimen. 


*.?^    ^■•'^^       '^       -.7"-    !.■'■•  -•-?■- 


Fig.  42  (edge).  XIOO. 

Ratio  Zn  :  Al— 90  :  10,  5.0%  Cu.    Very  slight 

corrosion. 


ALLOYS   AL\DE  WITH   C.   P.   ZINC. 

Specimens  exposed  to  steam  288  hours.    All  specimens  in  chiU  cast  condition. 


Fig.  54.  XIOO. 

90%  Zn,  5%  Al,  5%,  Cu.     Vertical  lines  show- 
corrosion. 


Fig.  53.  XlliO. 

93'5%  Zn,  5%  Al,  1.5%,  Cu.    Vertical  lines  of 

corrosion  are  visible. 

ALLOYS   MADE   WITH   HIGH   GRADE   DISTILLED   ZINC. 

Specimens  exposed  to  steam  520  hours.    Specimens  in  chill  cast  condition 

Note:    These  two  Figs,  are  out  of  order  to  preserve  the  grouping. 
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Fig.  43  (edge).  XKKt. 

90Sc  Zn,  lOSc  Al.     Very  severe  corrosion  (deep 
penetration). 


Fig.  40.  XIOO. 

90%  Zn,  5%  Al.  5%  Cu.  Corrosion  very  slight. 

ALLOYS  MADE  WITH   C.   P.   ZINC. 
Specimens  exposed  to  steam  572  hours.    All  specimens  in  chill  cast  condition. 
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I' ie.  47  (edge).  ,  XIOO.  Fig.  48  (edge).  X50. 

85%  Zn,  12%  Al,  3%  Cu.    C9rrosion  has  pene-  Same   as   47    at   lower   magni6cation.      Sound 

trated  thru  entire  section  shown.  metal  shows  at  extreme  right. 


Fig.  49  (edge).  XIOO.  Fig.  50  (edge). 

88.5%  Zn,  10%  Al,  1.5%  Cu.     Corrosion  has  Same  as  49  at  lower  magnmcaiion. 

penetrated  thru  entire  section  shown. 


\oO 


Fig.  51.                                                            XlOa          Fig.  52.  XIOO. 

91.5%  Zn,  7%  Al.  1.5%  Cu.                         90.75%    Zn,    0.5%    Al,    2.75%  Cu     6%  .Sn 

Severe  corrosion  to  within  y2  ^t^csx  oi  right 
margin. 

ALLOYS  MADE  WITH  HIGH  GRADE  DISTILLED  ZINC. 
Specimens  exposed  to  steam  520  hours.    Specimens  in  chill  cast  condition. 
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'VS^^^t 


C.  —  Zn  90%,   Al     10%,   Sn 
0.5%.      Made    with    C.    P. 
Zinc.  Exposed  to  steam  2S8 
hours.   Very  marked  distor- 
tion. 


B.— Zn  85%,  Al  10%,  Cu  5%. 
Made  v\-ith  C.  P.  Zinc.  Ex- 
posed to  steam  288  hours. 
No  noticeable  distortion. 


A. — Original  form  of  all  speci- 
mens. 


D.— Zn  90%,  Al  10%,  Cd 
0.2%.  Made  with  C.  P. 
Zinc.  Exposed  to  steam  285 
hours.     Badly  corroded. 


E.— Zn  90%,  Al  10%,  Pb 
0.5%.  Made  with  C.  P. 
Zinc.  Exposed  to  steam  288 
hours. 


F.— Zn  90%,  Al  10%.  Made 
with  C.  P.  Zinc.  Exposed 
to  steam  288  hours.  No- 
ticeable expansion. 


J.— Zn  88.5%,  Al  10 
%,.  Cu  1.5%.  Made 
with  high  grade  dis- 
tilled zinc.  Exposed 
to  steam  716  hours. 
Surface  visibly 
roughened. 


— Zn  91.5%,  Al  7.00 
%_,  Cu  1.5%.  Made 
with  high  grade  dis- 
tilled zinc.  Exposed 
to  steam  716  hours. 
Surface  slightly 
wrinkled. 


H.— Zn93.5%,  A15%, 
Cu  1.5%.  Made  with 
high  grade  distilled 
zinc.  Exposed  to 
steam  716  hours. 
Surface  very  smooth. 


G. — Original  specimen. 


Fig.  55. 
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Fig.  55  is  a  ])hotograi)hic  representation  of  some  of  the  oljserved 
corrosion  effects,  which  have  already  been  discussed  in  detail. 

To  summarize,  the  corrosion  and  swelling  of  zinc-aluminum  alloys  are 
subject  to  the  following  generalizations: 

First — It  is  seriously  accelerated  by  the  small  amounts  of  lead  and 
cadmium,  which  may  be  found  in  many  grades  of  zinc. 

Second — It  is  accelerated  by  tin. 

Third — Nickel  and  manganese  have  a  slight  accelerating  effect  on  the 
rate  of  corrosion. 

Fourth — It  is  materially  retarded  by  small  percentages  of  copper. 

Fifth — The  ratio  of  aluminum  to  zinc  is  important  in  the  consideration 
of  corrosion  (5  per  cent,  appears  to  be  near  the  optimum  percentage  of 
aluminum)  when  we  take  mechanical  properties  also  into  consideration. 

Sixth — The  depth  of  penetration  is  closely  related  to  the  grain  size 
and  grain  size  varies  inversely  as  the  aluminum  content.  For  this  reason 
and  because  of  strength  and  toughness  requirements,  there  is  a  limit  to 
which  the  aluminum  content  can  be  reduced. 
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APPENDIX 


In  this  section  we  present  the  results  of  mechanical  tests  which  we 
have  made  on  both  chill  cast  bars  made  in  the  laboratory  and  on  die 
castings  made  from  some  of  the  same  alloys,  the  zinc  base  in  both  cases 
being  high  grade  distilled  zinc. 

Table  5  summarizes  the  results  of  these  tests.  Each  value  for 
tensile  strength  is  the  average  of  results  on  from  four  to  twelve  specimens. 
The  specimens  were  tested  as  cast  without  any  machining.  The  casting 
temperatures  were  carefully  controlled  to  obtain  as  sound  and  uniform 
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castings  as  pos.sible.    The  section  of  the  die  casting  used  as  a  tensile  speci- 
men was  approximately  round  with  a  diameter  of  %  in. 

Rough  tests  of  the  ductility  made  by  bending  die  castings  showed 
that  the  5%  Al,  1.5  to  3.0%  Cu  alloys,  have  considerably  greater  ductility 
than  the  other  alloys  tested. 

While,  as  we  haye  stated  eany  m  the  paper,  the  expansion  figures 
giyen  m  the  table  for  sound  chill  castings  probably  are  less  than  for  die 
castings  (which  are  more  or  less  poi-ous),  neyertheless  we  haye  enough 
comparative  data  available  to  support  the  natural  assumption  that  the 
various  alloys  will  show  the  same  relative  merits  when  die  cast,  so  as  to 
produce  castings  of  equal  soundness. 

Tests  made  on  actual  die  castings  indicate  that  the  soundness  of  the 
die  castmg  is  a  factor  of  prime  importance,  and  that  under  certain  condi- 
tions an  alloy  inferior  to  another  in  a  sound  chill  casting,  may,  because  of 
its  tendency  to  produce  denser  die  castings,  equal  the  second  alloy  when 
die  cast. 

To  a  certain  extent  this  may  be  true  of  high  tin  alloys  made  with  high 
grade  distilled  zinc,  which,  in  the  limited  number  of  cases  we  have  observed 
appear  to  give  somewhat  sounder  castings. 


Table  5 

Comparative  Tensile  Strength  and  Corrosion  Data  on  Zinc-Aluminum 
Die  Casting  Alloys  Using  High  Grade  Distilled  Zinc 


Composition 

Tensile 

Strength 

Expansion  in  inches  after 

Al 

Cu 

Chill  Cast 

Die  Cast 

10  days  in  steam  on  sound 
chill  castings 

5 

0.5 

21,600 

6 

1.5 
3.0 
4.0 
5.0 
.5 
1.5 
3.0 
5.0 

31,400 

14,300 

.0033 

0 

5 

42,600 

20,150 

.0046 

27,200 

5 

47,600 

23,200 

.0055 

7 

27,100 
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DISCUSSION 

C.  H.  Mathewson,*  New  Haven,  Conn.— The  authors  set  out  to 
determine  the  causes  of  faiku-e  of  die  castings  containing  zinc  and  alum- 
inum. The  worst  of  these  failures  reveal  actual  swelling  and  exfoliation 
of  the  metal,  indicating  a  positive  change  of  dimensions  caused  by 
oxidation  of  a  penetrating  type.  This  effect  can  be  produced  artificially 
by  exposure  to  moisture  at  an  elevated  temperature.  The  authors, 
therefore,  sought,  first,  to  determine  the  effect  of  composition,  in  terms 
of  zinc,  aluminum  and  various  impurities,  on  the  resistance  of  the  alloys 
to  corrosion  of  this  sort. 

Confirming  various  circumstantial  evidence,  they  have  shown  that 
zinc-aluminum  alloys  made  from  pure  metals  are  far  more  resistant  than 
cruder  products,  and  that  even  lead,  the  commonest  of  all  impurities  in 
commercial  zinc,  greatly  lowers  the  resistance  of  zinc  or  of  a  zinc- 
aluminum  alloy  to  corrosion  in  moist  air.  The  tests  were  made  on  small 
chill-cast  samples,  but  the  authors  have  also  experimented  on  actual 
die  castings  with  similar  results  and  are  now  making  thorough  experi- 
ments with  die-cast  test  pieces,  extending  somewhat  the  scope  of  the 
original  tests. 

No  change  of  dimensions  could  be  measured  on  the  small  samples 
exposed  under  various  conditions  in  the  Palmerton  tests,  except  in  the 
case  of  the  wet-steam  exposures.  The  authors  plan  to  discover,  if 
possible,  some  relation  between  the  time  required  for  the  casting  to  swell 
measurably  at  an  ordinary  low  temperature  in  a  water-saturated  atmos- 
phere and  the  time  required  for  it  to  swell  the  same  amount  at  the  usual 
wet-steam  temperature;  so  that  some  kind  of  an  approximate  per- 
manence factor  may  be  associated  with  alloys  of  various  compositions. 

Aside  from  the  effect  of  corrosion,  there  is  the  possibility  that  small 
changes  in  length  and  mechanical  properties  may  be  caused  by  constitu- 
tional changes  in  these  zinc-aluminum  alloys  with  or  without  copper. 
For  example,  Rosenhain''  and  his  associates  measure  a  small  amount 
of  shrinkage  in  cast  aluminum-zinc  alloys  after  12  months'  exposure 
but  the  conditions  of  exposure  are  not  stated.  These  effects  are  not 
unlike  changes  known  to  occur  in  rapidly  cooled  steels  and  other  alloys 
that  pass  through  constitutional  changes,  and  can  doubtless  be  con- 
trolled by  simple  heat  treatments  where  such  a  need  appears.  They  can 
hardly  contribute  in  any  great  degree  to  the  striking  disintegration  that 
may  occur  in  alloys  of  incorrect  composition,  and  which,  I  beheve,  is 
always  the  result  of  oxidation  proceeding  inwards. 


*  Professor  of  Metallury,  Sheffield  Scientific  School,  Yale  University. 
•5  Jnl.  Institute  of  Metals  (1920). 
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W.  IM.  Peirce. — There  has  been  some  criticism  of  Table  5,  the  critics 
claiming  that  the  values  for  the  tensile  strength  of  the  die  castings  are 
much  too  low.  To  prevent  any  erroneous  impressions,  I  wish  to  empha- 
size that  we  offer  these  results  as  relative  values  only.  Table  5  is  based 
on  tensile  tests  made  on  a  die-cast  part,  and  not  on  a  standard  tensile 
specimen.  This  made  it  difficult  to  secure  perfect  ahgnment  in  the 
grips  which,  together  with  the  irregular  shape  of  the  specimen,  makes 
it  impossible  to  compare  these  results  with  results  from  standard  test 
bars.  We  feel  convinced,  however,  that  the  results  give  a  true  indication 
of  the  relative  strength  of  the  alloys. 

C.  H.  BiERBAUM,*  Buffalo,  X.  Y. — -This  problem  has  given  our 
company  trouble  for  over  20  years.  Being  the  manufacturers  of  a  zinc- 
copper-aluminum  alloy,  we  found  many  years  ago  that  probably  the 
greatest  detrimental  impurity  in  a  casting  is  tin.  I  have  a  small  die 
casting  made  in  1896  that  is  in  perfect  condition  while  a  casting  made 
of  the  same  composition  8  years  ago  has  deteriorated  and  is  warped  and 
cracked  on  the  surface.  The  latter  contains  a  small  fraction  of  1  per 
cent,  of  tin.  Tin  in  a  zinc-aluminum  alloy  is  detrimental;  it  seems 
tohave  somewhat  the  same  effect  as  when  alloyed  with  aluminum  alone. 

The  problem  is  rather  complex.  I  do  not  believe  that  the  trouble 
is  entirely  caused  by  oxidation  from  the  outside;  microscopic  examinations 
made  both  recently  and  years  ago  caused  me  to  believe  that  under  some 
conditions  disintegration  of  the  material  occurs  completely  within  closed 
areas  of  bright  surfaces.  Aloisture  and  heat  will  cause  the  disintegration 
of  zinc-qopper-aluminum  alloj's  that  would  last  for  years  if  heat  and 
moisture  were  not  present. 

We  have  to  look  for  three  phases  of  this  problem:  (1)  A  constitu- 
tional change  within  an  alloy  of  zinc-copper-aluminum  and  an  impurity  of 
tin  without  either  heat  or  moisture;  a  case  in  which  neither  heat  nor  mois- 
ture are  required  for  complete  disintegration.  (2)  The  disintegration 
caused  by  oxidation  and  which  seems  to  occur  from  an  outside  penetra- 
tion— this  is  the  one  that  is  particularly  aggravated  or  increased  by 
moisture  and. heat.  (3)  The  suggestion  made  in  the  article  in  the  Metall- 
Kiincle,  on  the  chemical  compound  Alv  Zus,  which  is  stable  at  the  higher 
temperatures  but  not  at  the  lower. 

Henry  S.  Rawdon,!  Washington,  D.  C.  (written  discussion). — The 
results  of  this  study  of  the  deterioration  of  zinc-base  die  castings  will 
go  far  to  counteract  the  disfavor  with  which  such  alloys  are  regarded  at 
present.  It  is  not  to  be  denied  that  this  disfavor,  in  manj'  cases,  has 
been  the  result  of  unsatisfactory  experience  with  such  alloys,  and  the 


*  Vice-President,  Lumen  Bearing  Co. 

t  Phvsicist,  Bureau  of  Standards. 
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thorough  manner  in  which  the  authors  have  attacked  the  problem  shows 
that  they  fully  appreciate  its  seriousness.  The  conclusions  reached 
and  the  recommendations  offered  appear  to  be  fully  justified  by  the 
experimental  data  given  and  the  writer  believes  that  there  should  be  no 
reason  for  hesitancy  upon  the  part  of  manufacturers  and  users  of  die 
castings  in  following  them.  It  is  gratifying  to  the  writer  to  learn  that 
his  analysis  of  the  problem,  referred  to  by  the  authors,  based  on  a 
relatively  small  number  of  specimens  was  borne  out  by  the  investigation 
just  made. 

The  phenomenon  of  internal  oxidation  in  alloys,  particularly  those  of 
the  softer  metals,  is  of  considerably  wider  occurrence  than  might  be 
inferred  from  the  title  of  the  present  article.  An  important  case  that 
was  investigated  by  the  Bureau  of  Standards,  ^  is  the  deterioration  of  tin 
when  exposed  to  heat  and  moisture.  Safety  plugs  in  boilers  are  usually 
made  of  a  cyhndrical  bronze  casing  filled  with  a  metal  of  low  melting 
point  that  will  fuse  and  reheve  the  pressure  within  the  boiler  if  for  any 
reason  the  conditions  of  temperature  and  pressure  exceed  the  safety 
limit.  Tin  is  used  almost  exclusively  as  a  filhng  for  such  plugs.  It 
has  been  found  necessary  by  the  Steamboat  Inspection  Service  of  the 
Department  of  Commerce,  to  specify  closely  the  purity  of  the  tin  that 
may  be  used  for  this  purpose.  The  examination  by  the  Bureau  of  Stand- 
ards of  a  great  number  of  plugs  showed  that  the  tin  often  deteriorates 
under  the  conditions  to  which  it  is  exposed  in  service.  Oxidation  occurs 
at  the  water  or  steam  end  and  progressively  travels  inward  into  the  metal 
in  the  form  of  a  tree-like  network,  presumably  intercrystalline  in  nature. 
A  pronounced  swelling  of  the  tin  filling  usually  results  from  the  internal 
oxidation.  In  some  plugs  examined,  the  oxidation  of  the  tin  filling 
was  practically  complete  so  that  a  hard,  almost  infusible  mass  of  oxide 
filled  the  plug  and  by  its  failure  to  melt  and  relieve  the  pressure  within 
the  boiler  when  the  necessity  for  it  arose,  caused  serious  accidents  by 
boiler  explosion.  The  presence  of  small  amounts  of  zinc  and  lead  as 
contaminations  of  the  tin  was  found  to  exert  a  pronounced  accelerative 
effect  on  the  rate  of  deterioration  of  the  tin.  At  present,  these  are  two 
of  the  metals  that  are  carefully  specified  as  to  the  permissible  amount  in 
tin  which  is  intended  for  use  as  a  filling  for  safety-boiler  plugs, 

H.  E.  Brauer  and  W.  M.  Peirce. — Since  the  presentation  of  this 
paper,  the  authors  have  received  several  criticisms,  first,  that  the 
tensile  strengths  given  for  the  die  castings  were  too  low,  and,  second, 
that  it  might  be  inferred  from  the  paper  that  certain  die-casting 
alloys,  which  the  critics  claim  to  be  satisfactory  in  resistance  to 
intercrystalline  oxidation,  are  not  resistant  to  this  type  of  corrosion. 

''  G.  K.  Burgess  and  P.  D.  Merica;  An  Investigation  of  Fusible  Tin  Boiler  Plugs, 
Bureau  of  Standards  Tech.  Paper  No.  53. 
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In  reply  to  the  second  criticism,  we  emphasize  the  fact  that  our  results 
are  based  on  exposure  to  wet  steam,  which  is  a  very  drastic  test,  but 
that   we   consider   the  results  obtained  of  great  value  in  judging  the 


(a)  ib) 

Fig.  56. — Castings  after  4  days  exposure  to  steam,  (a)  Shows  only  surface 
oxidation;  (b)  shows  several  cracks;  (a)  0.5  per  cent.  Al,  2.75  per  cent.  Cu, 
6  per  cent.  Sn  with  high-grade  zinc;  (6)  0.5  per  cent.  Al,  2.75  per  cent.,  6  per 
cent.  Sn  w'ith  "prime  western." 


(«)  (&)  (c) 

Fig.  57. — Castings  after  4  days  exposure  to  steam,  [a)  Is  as  good  as  cast, 
except  for  surface  oxidation;  it  has  expanded  and  changed  dimensions  less 
than  casting  shown  in  Fig.  56;  (b)  and  (c)  show  extreme  cracking  and  distor- 
tion, (a)  5  PER  cent.  Al,  3  per  cent.  Cu  with  high-grade  zinc;  (b)  5  per  cent.  Al, 
3  per  cent.  Cu  with  "prime  western;"  (c)  12  per  cent.  Al,  3  per  cent.  Cu  with 
"prime  western." 
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relative  merits  of  different  alloys.  Thus,  if  the  alloy  containing  0.5  per- 
cent, aluminum,  2.75  per  cent,  copper  and  6  per  cent,  tin  satisfactorily 
resists  corrosion,  as  stated  by  several  familiar  with  the  alloy,  we  are 
convinced  that  the  5  per  cent,  aluminum-3  per  cent,  copper  alloy  made 
with  high-grade  zinc  will  prove  more  resistant,  as  indicated  by  the  wet- 
steam  test.  Figs.  56  and  57  show  strikingly  the  difference  in  resistance 
to  oxidation  exhibited  by  alloj^s  of  several  compositions  after  96  hr. 
exposure  to  wet  steam.  We  stated  that  the  tensile-strength  tests  were 
not  made  on  a  standard  tensile  specimen.  We  are  able  now,  however, 
to  present  tensile,  Brinell,  bending  and  impact  values  on  die-cast  tensile 
specimens  of  standard  form  having  a  section  }■§  by  }i  in.  (Fig.  58).  These 
results  are  given  in  Table  6.     It  will  be  found  by  comparison  that  the 


Fig.  58. — No.  3  allot  specimen  used  for  physical-properties  tests.  Impact 
test  was  made  on  narrow  section;  hardness  tests  were  made  on  ends  of 
specimens. 

results  for  standard  specimens  with  a  thin  section  are  practically  the 
same  as  for  ordinary  chill  castings.  The  impact  tests  were  made  on 
a  machine  practically  identical  with  the  Charpy  machine  but  with  a  test 
piece  of  different  section,  which  renders  these  results  only  comparative. 

A  careful  analysis  of  these  and  all  previous  data  convince  us  that 
the  5  per  cent,  aluminum-3  per  cent,  copper  alloy  with  high-grade  zinc 
is  highly  desirable  as  a  die-casting  alloy  because: 

1  It  has  a  high  tensile  strength  and  good  ductility  and  is,  there- 
fore, tough. 

2.  It  is  not  hot  short,  gives  smooth  castings,  and  is  easih'  removed 
from  die. 

3.  It  possesses  high  resistance  to  corrosion. 

4.  The  resistance  to  corrosion  is  greater  in  the  5  per  cent,  aluminum- 
3  per  cent,  copper  alloy  with  high-grade  zinc,  than  in  an  alloy  contain- 
ing 0.5  per  cent,  aluminum,  2.75  per  cent,  copper,  6  per  cent.  tin. 
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Cracks  in  Aluminum-alloy  Castings* 

By  Robert  J.  Andeeson,  Met.  E.,t  Pittsburgh,  Pa. 

(New  York  Meeting,  February,  1922) 

Roughly,  a  crack  in  a  casting  may  be  considered,  for  the  moment,  to 
be  due  to  fracture  of  the  alloy  resulting  from  the  stress  set  up  by  the 
contraction  in  volume  on  passing  from  the  liquid  to  the  solid  state. 
Cracks  may  be  external  or  surface,  internal  or  deep-seated,  or  incipient 
or  so-called  strain  cracks. 

Draws  may  appear  as  depressions,  unevenness,  and  ''pinching  in"  of 
the  surface  of  a  casting.  Roughly,  draws  are  due  to  contraction  in  vol- 
ume and  are  governed  largely  by  the  same  factors  as  cracks.  A  casting 
may  be  cracked,  however,  without  being  drawn. 

Shrinkage  is  a  foundry  term  and  refers  to  the  contraction  in  volume  of 
a  metal  or  alloy  on  passing  from  the  liquid  to  the  solid  state.  Pattern- 
maker's shrinkage  is  the  total  contraction  in  volume  (including  liquid, 
solidification,  and  solid  shrinkage)  that  occurs  when  an  alloy  is  poured 
into  a  mold.  The  contraction  in  volume  of  aluminum  is  one  of  the 
principal  factors  affecting  the  occurrence  of  cracks,  as  will  be  shown  later, 
and  the  question  of  shrinkage  and  its  control  requires  careful  study  in  any 
treatment  of  cracking  in  castings. 

In  the  case  of  sand  and  die  castings,  cracks  have  been  attributed  to  a 
number  of  causes,  but  in  the  case  of  most  light  aluminum  alloys,  they  are 
due  to  the  large  contraction  in  volume  on  freezing  and  the  lack  of  its 
regulation  or  control. 

The  most  important  factors  are:  (1)  Contraction  in  volume;  (2) 
composition  of  alloy;  (3)  quality  of  melting  charge;  (4)  design  of  casting; 
(5)  method  of  molding;  (6)  hardness  of  ramming;  (7)  method  of  gating; 
(8)  hardness  and  characteristics  of  cores;  (9)  chills;  (10)  risers;  (11)  melt- 
ing temperatures;  (12)  furnace  used  for  melting;  (13)  pouring  tempera- 
tures; (14)  inclusions  in  alloys;  (15)  hot  shortness  of  alloys;  and  (16) 
physical  properties  of  alloys  at  high  temperatures.  Of  these,  the  first, 
second,  third,  and  eleventh  to  sixteenth  involve  ascertainable  metallurg- 
ical facts;  the  remainder  are  largely  matters  of  opinion,  judgment,  and 
technical  knowledge  of  men  experienced  in  the  production  of  castings. 

*  Published  by  permission  of  Director,  U.  S.  Bureau  of  Mines, 
t  Metallurgist,  U.  S.  Bureau  of  Mines  Experiment  Station. 
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Intercrj'stalline  brittleness  may  be  set  up  in  aluminum  alloys  on 
heating  for  welding,  owing  to  the  absorption  of  gases. 

Effects  of  Various  Factors  on  Cracking  of  Aluminum  Alloys 
Contraction  in  Volume 

The  liquid  shrinkage,  i.e.,  the  contraction  in  volume  in  the  liquid  state, 
is  the  amount  of  diminution  of  volume  that  occurs  on  cooling  a  metal  or 
alloy  at  any  temperature  above  its  melting  point  to  any  other  tempera- 
ture above  its  melting  point.  The  liquid  shrinkage  of  aluminum,  and 
some  of  its  light  alloys,  is  a  nearly  linear  function  of  the  temperature, 
as  the  densit}^  in  the  liquid  state  varies  quite  uniformlj'-  with  the 
temperature. 

The  solidification  shrinkage  is  the  contraction  in  volume  of  a  metal  or 
alloy  on  passing  from  the  liquid  state  at  the  freezing  point  to  the  solid 
state  at  the  melting  point. 

The  solid  shrinkage  is  the  contraction  in  volume  that  occurs  on  cooling 
a  metal  or  alloy  in  the  solid  state;  it  may  be  determined  over  any  tem- 
perature range  from  the  formula  for  expansivity.  Ordinarily,  from  the 
foundry  standpoint,  the  solid  shrinkage  is  regarded  as  the  linear  contrac- 
tion in  cooling  from  solid  metal  at  the  freezing  point  to  room  temperature. 
The  coefficient  of  expansion  of  the  light  aluminum  alloys  varies  from 
about  0.000022  to  0.000027  per  degree  centigrade,  while  for  the  usual 
alloys  the  patternmaker's  shrinkage  is  taken  as  0.156  in.  per  foot. 

The  solidification  shrinkage  of  substantially  pure  aluminum,  on 
passing  from  the  liquid  state  (density,  2.382)  at  658.7°  C.  to  the  solid 
state  (density,  2.55)  at  the  same  temperature,  is  6.6  per  cent.^  The 
liquid  shrinkage  of  substantially  pure  aluminum  on  cooling  from  1000°  C. 
(density,  2.262)  to  700°  C.  (density,  2.371)  is  about  4.6  per  cent.  The 
solid  shrinkage  of  aluminum  by  calculation  from  the  expansivity  formula 
is  0.22  in.  per  ft.,  or  1.83  per  cent.  The  total  shrinkage  (contraction  in 
volume)  of  aluminum,  or  of  any  metal  or  alloy,  on  cooling  from  any 
temperature  in  the  liquid  state  to  any  temperature  in  the  solid  state  is  the 
sum  of  the  liquid  shrinkage  plus  the  solidification  shrinkage  plus  the  solid 
shrinkage. 

Few  data  are  available  as  to  the  contraction  in  volume  of  the  various 
commercial  aluminum  alloys,  but  Edwards-  gives  the  contraction  in  vol- 
ume of  a  92  :  8  Al-Cu  alloy  from  the  beginning  to  the  end  of  freezing,  i.e., 
over  the  temperature  interval  630°  C.  to  540°  C,  as  about  7.0  per  cent. 
The  liquid  shrinkage  of  this  alloy  in  cooling  from  1000°  C.  (density, 

1  J.  D.  Edwards  and  T.  A.  Moorman :  Density  of  Aluminum  from  20°  to  1000°  C. 

Chejn.  &  Met.  Eng.  (1921)  24,  61-64. 

2  J.  D.  Edwards:  jMechanism  of  Solidification  of  a  Copper-aluminum  alloy,  Chem. 
&  Met.  Eng.  (1921)  24,  217-220. 
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2.434)  to  700°  C.  (density,  2.524)  is  about  3.5  per  cent.  The  solid  shrink- 
age from  the  freezing  point  (540°  C,  where  freezing  is  complete)  to  room 
temperature  is  taken  as  about  0.156  in.  per  ft.,  or  1.30  per  cent. 

Table  1. — Linear  Contraction  of  Some  Aluminum  Alloys  in  Sand  Molds 


Approximate  Composition,  Elements,  Per  Cent. 

Linear  Contrac- 
tion, Per   Cent. 

Patternmaker's 

AP                  Cu 

Ma          1           Sn                      Zn 

Scale 

85.0 

/' 

15.0 

1.42 

3^9 

88.0 

2.0 

10.0 

1.40 

Ml 

91.0 

8.0 

1.0 

1.31 

Ms 

83.75 

2.75 

13.5 

1.27 

Ms 

82.0 

3.0 

15.0 

1.25 

M9 

90.0 

10.0 

1.25 

M9 

88.0 

12.0 

1.25 

M9 

86.5 

12.0 

1.5 

1.25 

M9 

88.75 

10.0 

1.25 

1.22 

Ml 

85.0            14.0 

1.0 

1.21 

M2 

91.0              7.0 

1.0                 1.0 

1.19 

M4 

*.AJuminum,  difference. 

Only  a  few  data  are  available  as  to  the  linear  contraction  of  aluminum 
alloys  on  casting  in  sand  molds :  Tables  1  and  2  indicate  the  tendencies  for 
different  alloys.  Table  1  gives  the  results  of  measurements  made  at  the 
National  Physical  Laboratory,  Teddington,  England,  on  bars  10.0  in. 
long  by  1.0  in.  by  0.50  in.  cast  in  a  sand  mold  between  the  faces  of  a  steel 
templet  that  formed  the  ends  of  the  mold,  and  then  measuring  the 
differences  in  length  between  the  cast  bar  and  the  templet  when  cold. 
The  least  contraction  in  the  series  was  1.19  per  cent,  for  the  alloy  contain- 
ing about  91  per  cent,  aluminum,  7  per  cent,  copper,  1  per  cent,  tin,  and 
1  per  cent,  zinc,  while  the  greatest  contraction  was  1.42  per  cent,  for  the 
alloy  containing  about  85  per  cent,  aluminum  and  15  per  cent.  zinc. 

A  number  of  measurements  have  been  made  at  the  Bureau  of  Mines 
on  the  linear  contraction  of  aluminum  alloys  in  graphite  molds;  a  sum- 
mary of  a  few  of  the  measurements  is  given  in  Table  2.  The  method 
consisted  briefly  in  pouring  the  alloys  into  specially  prepared  molds 
1.000  in.  square  by  6.000  in.  long  and  measuring  the  length  of  the  cast 
bar  at  room  temperature.  Table  2  shows  that  the  greatest  linear  contrac- 
tion of  the  alloys  was  1.52  per  cent,  for  the  alloy  containing  about  95  per 
cent,  aluminum,  3  per  cent,  copper,  and  2  per  cent,  manganese,  while  the 
least  contraction  was  1.17  per  cent,  for  the  alloy  containing  about  87  per 
cent,  aluminum  and  13  per  cent,  silicon. 

Although  the  less  the  contraction  in  volume  (or  the  less  the  linear 
contraction)  the  less  likely  is  the  alloy  to  crack,  this  is  not  an  absolute 
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Table  2. — Linear  Contraction  of  Some  Alumimwi  Alloys  in 
Graphite  Molds* 


Approximate  Composition,  Elements  Per  Cent. 

Linear  Contrac- 
tion, Per  Cent. 

Patternmaker's 

Scale 

Alt 

Cu 

Fe 

Mn 

Ni 

Si 

Sn 

Zn 

100 

1.74 

Ho 

92 

8 

1.40 

Mo 

90 

10     ' 

1.25 

M9 

88 

12 

1.20 
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91 
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1 

1.24 

Vso 

95 

3 

2 

1.52 

y6  5 

90 

8 

2 

1.28 

Vii 

87 

13 

1.17 

M4 

90 

8 

2 

1.35 

Ms 

85 

3 

12 

1.20 

Hi 

*  These  figures  refer  to  bars  poured  at  800°  C;  the  actual  Hnear  contraction  varies 
with,  the  pouring  temperature. 
t  Ahiminum,  difference. 

criterion  of  the  cracking  tendency  because  certain  alloys  that  may  have 
a  relatively  small  contraction  in  volume  may  be  excessively  weak  at  high 
temperatures.  The  91:8:1  Al-Cu-Fe  alloy  has  a  materially  lower 
linear  contraction  than  the  92:8  Al-Cu  alloy  but  it  has  greater  strength  at 
elevated  temperatures;  consequently  it  is  less  likely  to  crack  on  casting. 
As  the  87: 13  Al-Si  alloy  has  a  low  linear  contraction,  certain  complicated 
castings  have  been  poured  from  it  without  the  use  of  chills,  when  the 
same  castings  made  in  the  92:8  Al-Cu  alloy  required  chills.  To  sum 
up:  The  contraction  in  volume  of  aluminum  alloys  is  a  most  important 
factor  in  the  cracking  tendency  and  is  variable  in  different  alloys  depend- 
ing on  the  composition. 

Composition  of  Alloys 

The  fact  that  certain  light  aluminum  alloys  on  casting  are  more 
likely  to  crack  than  others  is  well  known;  that  is,  the  cracking  tendency 
varies  with  the  chemical  composition  of  the  alloys.  As  a  general  rule, 
the  aluminum-zinc  alloys  are  known  to  crack  more  readily  than  the 
aluminum-copper  alloys,  while  some  aluminum-copper-zinc  alloys 
(such  as  85:3:12  Al-Cu-Zn)  crack  less  readily  than  the  former.  In 
general,  the  contraction  in  volume  of  the  aluminum-zinc  alloys  is  con- 
siderably greater  than  that  of  the  aluminum-copper  alloys;  these  alloys 
also  are  much  weaker  at  high  temperatures  than  the  latter.  On  the 
other  hand,  while  the  contraction  in  volume  of  some  aluminum-copper- 
zinc  alloys  is  less  than  that  of  some  aluminum-copper  alloys,  the  former 
are  much  weaker  at  high  temperatures.     The  strength  at  high  tempera- 
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tures  may  be  a  more  important  factor  than  the  contraction  in  volume,  at 
least  in  the  case  of  some  alloys.  Heterogeneity,  due  to  segregation,  is 
much  more  marked  in  some  aluminum  alloys  than  in  others ;  this  leads  to 
planes  of  weakness  that  may  give  rise  to  actual  cracks  or  to  strain  cracks. 
While  the  cracking  of  steel  ingots  and  castings  is  somewhat  analogous  to 
the  cracking  of  aluminum-alloy  castings,  the  contraction  in  volume  of  the 
aluminum  alloys  is  so  large  that  the  effect  of  this  factor  overshadows  the 
effect  of  other  factors  that  are  of  importance  in  the  case  of  steel. 
In  the  case  of  aluminum  alloys,  consideration  must  be  given  to  any 
possible  contractions  or  expansions  on  passing  through  the  solidification 
range  or  in  cooling  in  the  solid  state. 

Quality  of  Melting  Charge 

Some  foundrj-men  claim  that  the  92:8  Al-Cu  and  related  aluminum- 
copper  alloy's  are  more  likely  to  crack  when  made  up  from  all- 
primar}^  materials,  than  when  some  foundry  scrap  is  used  in  the  charges. 
In  other  instances,  it  is  claimed  that  secondary  aluminum  and  secondary 
aluminum-allo}'  pig  are  likely  to  give  rise  to  cracks.  These  statements 
show  that  the  chemical  composition  of  the  alloy  and  the  effect  of  impuri- 
ties must  be  considered.  Much  of  the  trouble  experienced  in  this 
direction  is  caused  by  lack  of  chemical  control  of  the  charges.  It  is  also 
claimed  that  so-called  "brittle"  aluminum  pig,  which  may  or  may  not 
have  cracks  in  the  webs,  will  yield  cracked  castings.  This  question 
requires  research;  the  results  of  tests  made  to  date  are  not  wholly  con- 
clusive. The  question  of  impurities  in  aluminum  pig  and  in  melting 
charges,  more  especially  silicon  and  aluminum  oxide,  appears  to  merit 
investigation  in  its  relation  to  cracks,  but  the  available  data  in  regard  to 
this  matter  are  very  meager. 

Design  of  Castings 

One  of  the  most  important  factors  that  affect  the  occurrence  of 
cracks  in  aluminum-alloy  castings  is  the  design.  As  is  well  known, 
thick  and  thin  sections  in  contiguity  form  a  prolific  source  of  cracks. 
If  a  rounded  fillet  is  placed  at  the  juncture  of  the  thin  and  thick  sections, 
the  bad  effects  of  the  design  will  be  overcome  in  part,  and  the  section  will 
be  less  likely  to  crack.  It  is  generally  necessary  to  chill  heavy  sections 
that  are  in  contiguity  with  light  ones  so  as  to  increase  the  rate  of  cooling 
of  the  former;  an  alternative  is  to  feed  with  a  riser. 

The  effects  of  right  and  re-entrant  angles  on  the  occurrence  of  cracks 
have  been  discussed  by  Rosenhain^  and  the  author.^    The  plane  of  weakness 

*W.  Rosenhain:  "Introduction  to  Study  of  Physical  Metallurgy,"  second  ed. 
291-293,  New  York,  1917,  D.  Van  Nostrand  and  Co. 

*R.  J.  Anderson:  Blowholes,  Porosity,  and  Unsoundness  in  Aluminum-alloy 
Castings,  Bureau  of  Muxes  Tech.  Paper  241  (December,  1919)  21-22. 
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that  results  from  the  fr(>eziiig  of  metal  in  the  form  of  columnar  rrystals  at 
a  right  angle  has  been  discussed  by  Desch.^  Both  strain  cracks  and 
actual  cracks  may  be  associated  with  the  planes  of  weakness  set  up  by 
columnar-crystal  growth;  the  latter  may  be  prevented  by  the  use  of 
proper  fillets.  The  shape  and  dimensions  of  the  casting  are  important 
factors  in  the  occurrence  of  columnar  crj^stals,  which  generally  stand 
perpendicular  to  the  outside  surfaces,  i.e.,  at  sections  in  the  casting 
that  were  in  contact  with  the  walls  of  the  mold,  and  they  are  found  most 
often  in  thick  sections,  unless  these  have  been  chilled,  as  well  as  at  right 
angles  and  at  re-entrant  angles.  Columnar  crystallization  gives  rise  to 
zones  of  weakness  as  has  been  pointed  out  by  Aitchison®  in  the  case  of 
steel  ingots.  These  zones  in  a  casting  may  include  the  following :  (1)  The 
juncture  of  each  columnar  ciystal  with  its  neighbors;  (2)  the  juncture  of 
sets  of  columnar  crystals;  and  (3)  the  juncture  of  a  set  of  columnar 
crystals  with  a  set  of  equiaxed  crystals.  Microscopic  examination  has 
shown  that  cracks  may  exist  at  the  juncture  of  two  sets  of  columnar 
crystals  in  aluminum  alloys,  and  that  foreign  inclusions  may  be  forced  into 
such  junctures  as  well  as  between  anj-  two  given  columnar  crystals. 
Fig.  1  shows  two  fissures  at  the  juncture  of  a  set  of  thin  and  thick  colum- 
nar crystals  in  a  section  of  the  92  :  8  Al-Cu  alloy. 

Method  of  ^Molding 

Under  the  method  of  molding,  there  may  be  included  ramming, 
gating,  cores,  risers,  and  chills.  Of  course,  the  sand  should  be  tempered 
properly  and  it  should  not  be  too  wet;  wet  sand  may  cause  cracks  and 
warping.  The  bottom  boards  under  the  flask  or  mold  box  should  be 
placed  correctly  and  the  box  should  be  set  evenly  on  the  floor;  otherwise 
strains  will  be  set  up  in  the  mold.  All  molding  should  be  done  as  cleanly 
as  possible.  IMolding  methods  are  not  very  variable  after  ihey  have  been 
worked  out  properly  for  a  given  pattern,  but  the  various  details  of  mold- 
ing, viz.,  ramming,  gating,  risers,  cores,  chills,  etc.  are  important  in 
relation  to  the  occurrence  of  cracks. 

Ramming  of  Molds 

Sand  molds  for  aluminum  allo3-s  should  be  rammed  lightly  and 
evenly.  If  the  sand  is  rammed  too  hard,  the  casting  will  be  prevented 
from  moving  while  contracting  on  cooling,  thereby-  setting  up  strains  and, 
at  times,  causing  fractures  in  the  casting.     On  the  other  hand,  if  the 


5  C.  H.  Desch:  "Metallographj^,"  177-178,  London,  1910,  Longmans,  Green,  and 
Co. 

«  L.  Aitchison:  Zone  of  Weakness  in  Solidified  Ingots,  Chem.  &  Met.  Eng.  (1920) 
23,  280. 
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mold  is  rammed  too  lightly,  there  may  be  sudden  collapsing  of  parts  of  the 
mold  while  the  temperature  of  the  alloy  is  immediately  below  that  of  final 
freezing,  or  in  the  range  between  the  liquidus  and  the  solidus.  Strains 
set  up  by  the  collapse  of  the  mold  may  be  sufficient  to  cause  cracking 
because  the  aluminum  alloys  in  general  are  quite  hot  short,  i.e.,  weak  at 
temperatures  immediately  below  the  solidus.  The  sand  may  be  rammed 
loosely  around  the  gates  to  prevent  ''hanging"  of  the  casting  in  the  mold, 
especially  for  some  types  of  castings.  Thin  sections  should  be  rammed 
more  lightly  than  thick  sections.  In  general  the  hardness  of  ramming 
is  an  item  governed  principally  by  experience,  but  the  amount  of  ram- 
ming can  be  determined  with  fair  accuracy  if  power  molding  machines 
are  used. 

Method  of  Gating 

Theoretically,  a  casting  should  be  so  gated  that  when  the  mold  cavity 
is  full  of  metal,  the  length  of  the  path  over  which  the  metal  has  traveled 
will  have  been  such  that  the  heavy  sections  will  be  filled  with  colder  metal 
than  the  light  sections.  Mechanical  difficulties^  make  such  gating 
impracticable  in  most  commercial  castings.  In  the  average  crankcase, 
and  in  many  much  more  simple  castings,  perfect  feeding  and  gating  are 
mechanically  impossible,  and  the  only  thing  that  can  be  done  is  to 
approach  ideal  conditions  as  nearly  as  possible.  The  sprue  and  leader 
should  be  made  heavy  and  of  such  size  that  they  will  not  solidify  prior  to 
the  casting,  and  fillets  of  ample  size  should  be  employed  where  the  gate  is 
attached  to  the  casting.  If  the  gate  solidifies  prior  to  the  casting,  it 
will  draw  from  the  casting  and  hence  be  likely  to  cause  cracks.  Where 
cracks  can  be  traced  to  the  method  of  gating,^  an  alteration  of  this  may 
often  effect  their  elimination.  Usually,  that  part  of  the  casting  nearest 
to  the  gate  is  the  last  to  solidify. 

Hardness  and  Characteristics  of  Cores 

According  to  Gillett,^  one  of  the  principal  causes  for  cracks  is  the  use 
of  cores  that  are  too  hard  or  will  not  crush  on  contraction  of  the  alloys. 
Cracks  will  always  be  less  with  green-sand  cores  than  with  dry-sand  cores, 
although  if  higher  pouring  temperature  must  accompany  the  use  of 
green-sand  cores,  this  would  tend  to  increase  cracks.  The  dry-sand 
core  is  unyielding  as  a  rule,  unless  the  binder,  like  resin,  will  soften 
readily  at  the  temperature  set  up   on  pouring.     Suitable  tests  may  be 

7  W.  A.  Gibson:  Position  of  Tensile  Tests  in  the  Foundry,  Iron  Age  (1920)  105, 
725-728. 

8  F.  H.  Hurren:  Wasters,  Presidential  address  before  Coventry  branch,  Inst,  of 
British  Foundrymen,  1921.     Abstract  in  The  Foundry  (1921)  49,  262-264. 

8  Private  communication,  H.  W.  Gillett,  Feb.  28,  1921. 
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applied  to   determine^"  the  kind  of  core  required  for  different  castings 
and  the  effect  of  different  cores  on  the  occurrence  of  cracks. 

Chills 

Speaking  generally,  so  far  as  chills  are  related  to  the  occurrence  of 
cracks,  this  defect  has  been  attributed  to:  (1)  Lack  of  chills  where  chills 
are  necessary;  (2)  chills  placed  in  the  wrong  position  in  the  mold  or  cores; 
(3)  too  heavy  chills;  and  (4)  too  light  chills.  Where  a  thin  and  a  thick 
section  are  in  contiguity,  the  thin  section  solidifies  first  and  the  thick  one 
later;  the  function  of  the  chill  is  to  equalize  the  rates  of  solidification  in  the 
two  sections  by  increasing  the  rate  of  freezing  of  the  heavy  section.  It 
may  be  said  in  general  that  the  failure  to  chill  heavy  sections  is  a  usual 
cause  for  cracks. 

Chills  should  vary  in  power,  depending  on  their  position  in  the  mold 
and  on  the  size  of  the  section  to  be  chilled;  the  effects  of  too  light  and  too 
heavy  chills  are  self  evident  and  the}^  need  not  be  elaborated  upon  here. 

Risers 

The  number  of  risers  required  for  a  casting  depends  on  the  area  of  the 
surface  at  the  top  of  the  casting,  among  other  things,  and  on  the  relation 
of  the  area  of  the  upper  surface  to  that  of  the  lower  surface.  Further, 
the  number  of  risers  required  depends  on  the  number  of  sections  to  be 
fed,  and  their  size  depends  on  the  size  of  the  sections.  Too  mam-  risers 
should  not  be  used  because  the  casting  may  be  anchored  in  the  mold  and 
it  will  not  be  free  to  move. 

Melting  Temperatures 

Irrespective  of  the  type  of  furnace,  heating  to  too  high  a  temperature 
should  be  avoided  at  all  times,  for  metals  and  alloj^s  dissolve  more  gases 
with  increasing  temperatures.  On  the  basis  that  the  greater  part  of  the 
dissolved  gas  is  carried  in  the  amorphous  cement  at  the  grain  boundaries 
in  the  solid  state,  it  might  be  expected  that  the  forcing  of  gas  into  the 
grain  boundaries  would  give  rise  to  strains  and  weakness  at  these  places, 
and  consequentlj^  aggravate  the  tendency  to  crack. 

Furnace  Used 

Good  castings  have  been  made  from  alloys  melted  in  all  types  of 
furnaces.  In  considering  the  effect  of  the  furnace  used,  it  is  necessary 
to  know  the  constitution  of  the  furnace  atmosphere.     Thus,  melting  at 


"  F.  L.  Wolf  and  A.  A.  Grubb :  Laboratory  Testing  of  Sands,  Cores,  and  Core 
Binders.     Trans.  (1920)  64,  630. 
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a  relatively  high  temperature  in  an  atmosphere  containing  much  free 
oxygen  (as  in  most  reverberatory  and  open-flame  furnaces)  would  give 
rise  to  more  aluminum  oxide  in  the  alloy  than  melting  at  the  same 
temperature  in  an  atmosphere  containing  little  oxygen  but  much  carbon 
dioxide.  Occluded  dross  particles  (and  perhaps  also  dissolved  aluminum 
oxide)  will  give  rise  to  weak  metal,  which  would  tend  to  crack  more  readily 
than  metal  free  from  occlusions.  The  melting  temperature  is  governed 
quite  largely  by  the  type  of  furnace  employed;  charges  are  generally 
heated  to  higher  temperatures  in  furnaces  of  the  open-flame  type  than  in 
iron-pot  furnaces.  Further,  the  type  of  furnace  employed  determines  to 
some  extent  the  amount  of  impurities  present  in  the  resultant  alloy. 
When  the  92:8  Al-Cu  alloy  is  melted  in  iron-pot  furnaces,  the  iron 
content  may  be  from  1.0  to  2.0  per  cent.,  but  if  melted  in  crucibles  or 
against  refractor}^  brick  linings,  it  will  be  about  0.40  to  0.75  per  cent. 
In  the  same  way,  the  silicon  content  of  alloys  melted  in  crucibles  or 
against  siliceous  linings  will  be  much  higher  than  when  melted  in  iron 
pots.  Other  things  being  equal,  therefore,  it  would  be  expected  that  the 
92  :8  Al-Cu  alloy  would  be  less  likely  to  crack  when  melted  in  iron  pots 
than  in  other  types  of  furnaces.  ^^ 

Pouring  Temperatures 

Cracks  in  aluminum-alloy  castings  have  been  attributed  to  too  high 
and  too  low  pouring  temperatures;  but  opinion  is  variable  as  to  what 
should  be  regarded  as  the  correct  pouring  temperature  for  the  different 
commercial  alloys.  An  alloy  poured  at  a  high  temperature  will  have  a 
considerably  greater  total  liquid  and  solidification  shrinkage  than  one 
poured  at  a  low  temperature,  since  the  total  shrinkage  is  a  function  of  the 
pouring  temperature.  In  general,  a  high  pouring  temperature  (which 
presupposes  a  high  melting  temperature)  may  be  expected  to  cause 
cracking,  which  would  not  occur  with  a  lower  pouring  temperature  under 
otherwise  similar  conditions.  A  too  low  pouring  temperature  has  been 
claimed  to  be  the  cause  of  cracking,  but  it  is  difficult  to  see  how  this  can 
be  the  case. 

Inclusions  in  Alloys 

The  presence  of  foreign  inclusions  in  cast  aluminum  alloys,  such  as 
dross  particles,  so-called  ''hard  spots,"  and  other  included  matter  has 
been  associated  with  cracking.  As  will  be  explained  later,  cracks  in  both 
eutectiferous  and  solid-solution  alloys  have  a  strong  tendency  to  be 
intergranular,  and  where  foreign  included  mattfr  is  located  at  grain 


"  It  has  been  claimed  that  dissolved  iron  from  the  pots  does  not  have  the  effect 
that  added  iron  (in  the  form  of  scrap  sheet  or  of  ferro-aluminum)  has,  although  this 
does  not  seem  true. 
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l)ouiKlaries   (or  elsewhere),  it  tends  to  weaken  the  alloy  and  aggravate 
any  condition  which  may  lead  to  cracks. 

While  cracks  have  been  found  in  aluminum-alloy  castings  quite  free 
from  foreign  inclusions,  they  are  found  more  often  in  unsound  and  dirty 
castings.  Inclusions  in  the  alloys  may  be  avoided  by  cleanliness  in  charg- 
ing and  melting  practice,  and  much  of  the  trouble  traceable  to  cracks 
arising  from  this  cause  can  be  eliminated. 

Hot  Shortness  of  Alloys 

The  relative  tendency  of  different  aluminum  alloys  to  crack  on  casting 
may  be  determined  by  the  hot-shortness  tester,  12  devised  by  Gillett  and 
Skillman. 

Physical  Properties  at  High  Temperatures 

So  far  as  is  now  known,  the  greater  the  ultimate  strength  of  any  alloy 
at  temperatures  approaching  the  melting  point,  and  the  greater  the  elon- 
gation, the  less  is  the  tendency  to  crack.  The  ultimate  strength  and 
elongation  in  the  cold  cannot  be  taken  as  criteria  of  this  tendency,  nor  can 
either  of  these  properties  be  considered  alone.  Thus,  certain  aluminum- 
zinc  alloys  have  enormous  elongation  at  elevated  temperatures  but  very 
low  strength.  These  alloys  crack  more  readily  than  some  aluminum- 
copper  alloys  that  have  only  moderate  elongation  at  high  temperatures, 
but  still  fair  strength. 

On  the  whole,  the  elongation  may  be  regarded  as  a  poor  measure  of  the 
cracking  tendency  and,  as  determined  by  the  ordinary  tensile  strength  at 
high  temperatures,  it  will  not  reveal  necessarily  the  presence  of  brittle- 
ness,i3  even  when  present  in  high  degree.  Extreme  ductility  under 
gradually  and  steadily  applied  tension  may  be  accompanied  by  brittleness 
to  sudden  strains  or  shocks. 

Bengough^^  has  examined  the  effect  of  increasing  temperatures  on 
the  properties  of  rolled  aluminum  and  finds  that  the  ultimate  strength 
drops  from  17,200  lb.  per  sq.  in.  at  20°  C.  to  34001b.  at  375°  C,  and  to  380  lb. 
at  625°  C.  The  ultimate  strength  of  various  aluminum  alloys  at  high 
temperatures  is  variable;  some  tests  have  shown  that  this  value  may  be 
affected  markedly  by  the  addition  of  small  amounts  of  other  elements 


12  A.  B.  Norton:  A  Hot  Shortness  Testing  Machine  for  Ahiminum  Alloys,  Trans. 
Am.  Inst,  of  Metals,  (1914)  8,  124-126. 

13  W.  Rosenhain  and  S.  L.  Archbutt:  Alloj-s  of  Aluminum  and  Zinc:  Tenth  report 
to  the  Alloys  Research  Committee.     Proc.  Inst.  Mech.  Engrs.  (1912)  76,  414-416. 

"G.  D.  Bengough:  A  Study  of  the  Properties  of  Alloys  at  High  Temperatures. 
J7il.  Inst,  of  Metals  (1912)  7,  123-174. 
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to  certain  alloys.  Thus,  the  addition  of  iron,  nickel,  or  manganese  in 
relatively  small  percentages  to  certain  light  aluminum-copper  alloys 
increases  the  strength  markedly  at  elevated  temperatures;  Table  3  shows 
the  effect  of  iron  on  the  92:8  Al-Cu  alloy.  The  addition  of  1  to  3  per 
cent,  nickel  to  aluminum-copper  alloys  containing  8  to  12  per  cent, 
copper  markedly  improves  the  strength  both  in  the  cold  and  at  elevated 
temperatures.  The  alloy  86: 12:2  Al-Cu-Ni  has  an  ultimate  strength 
of  about  20,000  lb.  per  sq.  in.  at  250°  C,  which  is  about  the  same  as  that 
of  the  alloy  85: 14: 1  Al-Cu-Mn.  This  may  be  compared  with  14,000  lb. 
for  the  alloy  88:12  Al-Cu  and  with  13,000  lb.  for  the  alloy  91:7:1:1: 
Al-Cu-Sn-Zn,  both  at  250°  C. 

Table  3. — Tensile  Strength  of  Two  Light  Ahiminutn  Alloy s  (Sand-cast  Bars) 

at  High  Temperatures* 


Values  for  92  :  8  Al-Cu  Alloy 

Values  for  90.25  :  8  :  1.75  Al-Cu-Fe  Alloy 

Temperature, 

Degrees 

Centigrade 

Ultimate 

Strength, 

Pounds  per 

Square  Inch 

Elongation 
in  2  In., 
Per  Cent. 

Reduction 
in  Area, 
Per  Cent. 

Ultimate 

Strength, 

Pounds  per 

Square  Inch 

Elongation 
in  2  In., 
Per  Cent. 

Reduction 
in  Area, 
Per  Cent. 

100 
200 
300 
400 
500 

21,800 

18,500 

17,500 

9,900 

3,000 

1.25                 0.8 

3.00              2.0 

6.00              4.0 

15.5              17.7 

24.2              38.8 

25,000 
22,000 
19,900 
10,200 
3,900 

0.5 
1.0 
2.0 
6.5 
22.5 

1.6 

2.0 

3.3 

12.3 

30.3 

*  Values  given  are  the  mean  of  three  determinations. 

Rosenhain  and  Archbutt^^  have  examined  the  strength  of  a  series  of 
aluminum-zinc  alloys,  containing  from  about  9  to  26  per  cent,  zinc,  at 
high  temperatures.  All  these  alloys  are  exceptionally  weak,  and  many 
of  them  suffer  a  marked  loss  of  strength  at  temperatures  as  low  as  50° 
to  100°  C.  Some  of  the  alloys  have  enormous  elongation  at  high  tem- 
peratures, as  shown  in  Table  4.  Attention  is  called  to  the  130  per  cent, 
elongation  of  the  80:20  Al-Zn  alloy  at  595°  C.  Of  course,  at  this 
temperature,  the  alloy  is  in  the  range  between  the  liquidus  and  the 
solidus,  and  some  liquid  is  present. 

To  sum  up :  alloys  that  have  fairly  good  strength  at  high  temperatures 
are  less  likely  to  crack  than  those  which  are  very  weak,  but  this  property 
must  be  correlated  with  the  contraction  in  volume.  Thus,  although  the 
strength  of  one  alloy  at,  say,  500°  C.  is  considerably  greater  than  that  of 
another  alloy,  but  the  contraction  in  volume  is  substantially  greater,  the 
tendency  to  crack  in  the  first  alloy  might  be  much  greater  than  that  in  the 
second  alloy. 


15  W.  Rosenhain  and  S.  L.  Archbiitt:  op.  cit,  408-416. 
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Table  4. — Tensile  Properties  of  Two  Aluminum-zinc  Alloys  at  Elevated 

Temperatures* 


Temperature,  Yield  Point,  Pounds  per  Ultimate  Strength, 

Degrees  Centigrade  Square  Inch  Pounds  per  Square  Inch 


Elongation,  Per  Cent. 


Values  for  80  :  20  Al-Zn  alloy 

100 

22,800 

28,040 

18.0 

250 

10,380 

10,380 

28.5 

300 

7,480 

7,480 

28.0 

400 

1,880 

1,880 

92.0 

500 

780 

780 

92.5 

595 

700 

700 

130.0 

Values  for  74 

•  26  Al-Zn  alloy 

150 

26,260 

35,280              ' 

15.5 

200 

21,140 

21,140 

11.5 

250 

13,500 

13,500 

21.5 

300 

8,160 

8,160 

28.5 

400 

2,680 

2,680 

48.0 

*  Based  on  Rosenhain  and  Archbutt. 

Metallography  of  Cracks 

Many  samples  of  cracked  aluminum-alloy  castings  have  been  exam- 
ined in  the  metallurgical  laboratory  of  the  Bureau  of  INIines  with  a  view- 
to  determining  the  causes  for  the  occurrence  of  cracks  and  to  obtain  light 
on  the  problem  in  general.  Illustrative  cases  where  cracks  can  be 
ascribed  definitely  to  particular  causes  are  not  met  with  frequentl}"  in 
foundry  practice,  and  in  the  samples  here  described,  the  history  is  quite 
faulty.  The  metallography  of  cracks  may  be  discussed  conveniently 
by  reference  to  several  typical  cases.  The  cases  here  described  are  a 
few  from  a  large  number  of  samples  submitted  to  the  Bureau  of  Mines. 


Cracked  Vacuum-cleaner  Housing 

The  first  case  is  the  occurrence  of  cracks  in  certain  lots  of  vacuum- 
cleaner  housings  made  in  the  90:10  Al-Cu  alloy.  The  charge  consisted 
of  all-primary  aluminum  pig  plus  50:50  Al-Cu  alloy.  When  the  job 
was  first  put  into  production,  the  castings  were  found  to  be  cracked 
badly,  but  at  the  end  of  the  third  or  fourth  day,  after  the  foundry  scrap, 
defectives,  gates,  etc.,  were  in  circulation,  cracking  ceased.  The  iron 
content  of  the  alloy  had  increased  materially  after  repeated  rcmeltings 
(iron-pot  practice  employed),  so  the  cracks  were  attributed  to  lack  of 
iron  in  the  alloy.  Figs.  2  and  3  show  the  appearance  of  two  cracks  in  a 
housing,  while  Fig.  4  shows  the  intergranular  character  of  the  crack  in 
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Fig.  3 — the  crack  follows  the  boundaries  of  the  large  grains.     Fig.  5 
shows  the  appearance  of  part  of  the  crack  in  Fig.  4,  while  Fig.  6  indicates 


Fig.  1. — Fissures  at  juncture  of  sets  of  columnar  crystals  in  92  : 8  Al-Cu 
alloy;  etched  with  NaOH;  oblique  ill.      X  5. 


Fig  2.— Crack  in  90  :  10  Al-Cu 

vacuum-cleaner      housing,     un- 
polished.    x  4.5. 


I 


•y-. 


Pi* 


'  ij' 


Fig.  3.— Crack  in  90  :  10  Al-Cu 
vacuum-cleaner  housing,  un- 
polished.    x  4.5. 


a  tendency  for  the  crack  to  follow  along  the  eutectic  boundaries  of  the 
small  grains. 
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Cracked  Cranhcase 


The  second  case  is  a  sample  taken  in  the  production  of  an  eight- 
cylinder  crankcase  for  a  standard  motor  car  made  with  the  92:8  Al-Cu 


Fig.  4. — Same  as  Fig.  3,  but  polished  and  etched  with  XaOH,  oblique  ill.     X  6. 


Fig.   5. — Same  as  Fig.  4;  etched 
WITH  NaOH.     X  75. 


Fig.  6. — Same  as  Fig.  4;  etched 
WITH  NaOH.     X  225. 


alloy.  Fig.  7  shows  a  fine  crack  a  and  Fig.  8  shows  a  draw  h  on  the 
opposite  side  at  the  juncture  of  a  thin  and  a  thick  section.  Fig.  9  shows 
that  the  tendency  of  the  crack  is  to  be  intergranular  largely,  although 
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parts  of  it  appeared  to  be  intergranular  also.     Fig.  10  shows  the  micro- 
scopic appearance  of  the  crack  at  one  point. 

Specialty  Casting 

Fig.  1 1  shows  the  appearance  of  the  crack  a  in  a  piece  cut  from  the  top 
of  a  specialty  casting  made  of  92:8  Al-Cu  alloy,  while  Fig.  12  shows  a 
part  of  the  crack  in  a  polished  and  etched  section.     This  crack  did  not 


Fig.  7. — Crack  in  crankcase.      X  about  ly^. 

follow  the  grain  boundaries  and  the  path  of  the  crack  was  quite  indis- 
criminate, being  both  intergranular  and  intragranular,  with  no  particular 
tendency  toward  any  particular  path.  This  particular  crack  was 
attributed  to  hanging  in  the  mold,  because  of  too  hard  ramming  of  the 
sand  around  the  pouring  gate. 
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Fig.  S. — Draw  in  sample  from  crankcase;  opposite  side  of  Fig.  7.     X  about  l}^i. 


^■l 

r.^^ 

-  ^   -^  ^ 

.''*\J'-  ■'■ 

W*   •'    ,-;. 

^^'JT. 

^                                        '* . 

.  ^ 

y   -                    *tat 

^    '1'' 

* 

tv:f 

m^ 

Fig.  9. — Crack  shown  in  Fig.  7; 
macrograph;  etched  with  NaOH; 
oblique  lll.     x  3. 


Fig.  10. — Same  as  Fig.  9;  etched 
with  NaOH.     X  225. 
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Fig.  11. — Crack  in  special  casting;  3'^  actual  size. 


Fig.  12. — Part  of  crack  shown  in  Fig.  11;  etched  with  XaOH;  oblique  ill.      X  4, 


Fig.  13. — Crack  in  crankcase;  etched  with  XaOH;  oblique  ill.     X  8. 
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Cracked  Crankcase 


A  sample  taken  from  a  crankcase  for  a  twelve-cylinder  motor,  made 
of  the  91:8:1  Al-Cu-Fe  alloj^  approximately  is  shown  in  Fig.  13. 
No  definite  cause  could  be  ascribed  for  this  particular  crack.  Fig.  14 
shows  a  tenuous  crack  in  the  interior  of  the  section,  corresponding  to  the 
lines  in  Fig.  13.  The  gross  grain  size  of  the  alloy  was  large,  and  the 
crack  had  a  fairly  pronounced  tendency  to  follow  an  intergranular  path. 


,NV>.'; 


:«-^- 


:^^/ 


.V 


V     -   V.V 


■y^:^ 


Fig.  14. — Tenuous  internal  crack 


Fig.    15. — Structure     at    edge    of 


(corresponding  TO  SMALL  BLACK  LINES  OF         CRACK  IN     FlG.  13;  ETCHED    WITHNaOH. 

Fig.  13);  etched  with  NaOH.      X  35.       X  150. 


FiG.  16. — Intergranular  crack  in  chill-cast  92:  8  Al-Cu  alloy;  etched  with 
NaOH;  OBLIQUE  ill.     X  3. 

Fig.  15  shows  the  edge  of  the  crack  in  Fig.  13  at  higher  magnification;  at 
this  point,  the  crack  was  fairly  smooth  and  ran  parallel  to  the  eutectic 
stringers. 

Miscellaneous  Cases 

A  number  of  experiments  have  been  made  to  produce  cracks  at  will 
in  various  alloys  under  definite  conditions,  but  principally  by  pouring 
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an  annular-ring  casting  in  a  chill  mold  around  a  metal  core.  The  com- 
plete results  of  these  experiments  are  not  yet  in  hand,  but  a  few  of  the 
results  show  the  tendency  toward  intergranular  cracking.  Although 
a  crude  method  for  determining  the  cracking  tendency  in  different  alloys, 
pouring  a  casting  in  the  form  of  an  annular  ring  is  one  method  of  deter- 
mining the   die-casting^^  qualities   of  aluminum   alloj's.     It  has  been 


Fig.    17. — Intergranular    crack    in    chill-cast    85  :  3  :  12    Al-Ctj-Zn  alloy; 

WITH   ETCHED    XaOH;    OBLIQUE    ILL.        X  3. 


Fig.  18. — Crack  shown  in  Fig^  17; 

WITH   ETCHED    NaOH.        X  75. 


Fig.  19. — Same  as  Fig.  18,  but  at  another 
place;  etched  with  NaOH.     X  75. 


shown  by  prehminary  experiments  that  the  tendency  to  crack  under  this 
test  varies  with  the  alloy  used  and  with  the  pouring  temperature  for 
a  given  annular-ring  mold. 

Fig.  16  shows  an  intergranular  crack  in  the  92:8  Al-Cu  alloy  poured 
in  a  small  annular-ring  mold  at  900°  C.     Fig.  17  is  a  macrograph  of  a 

"C.  Pack:  Die  Castings  and  their  Application  to  the  War  Program.     Tram. 
(1919)  60,  577-586. 
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similar  casting  poured  in  the  85:3:12  Al-Cu-Zn  alloy  at  870°  C;  the 
intergraniilar  path  of  the  crack  is  quite  plainly  shown.  Figs.  18  and  19 
are  micrographs  of  two  points  in  Fig.  17  showing  that  the  path  of  fissure 
follows  the  boundaries  of  the  large  grains  of  the  alloj' ,  as  indicated  by  the 
differential  etching. 

Discussion 

In  considering  the  occurrence  of  cracks  in  aluminum-alloy  castings,  the 
question  naturally  arises:  Is  the  crack  intergranular  or  intragranular? 
On  theoretical  grounds,  it  would  be  expected  that  a  crack  caused  by 
stresses  at  high  temperatures  would  follow  the  grain  boundaries  both  in 
eutectiferous  and  in  solid-solution  alloys.  While  it  is  not  necessary 
here  to  deal  at  length  with  the  freezing  of  alloys  of  different  types,  in  the 
case  of  an  eutectiferous  alloy  a  sufficient  stress  at  high  temperatures  will 
cause  fracture  through  the  eutectic  areas.  At  a  sufficiently  high  tempera- 
ture, the  eutectic  will  be  liquid  when  the  matrix  of  the  alloy  is  still  solid, 
and  under  stress  the  fracture  will  occur  through  the  weak  liquid.  Since 
eutectics  are  brittle,  it  would  be  expected  that  the  fracture  would  take 
place  through  them  rather  than  through  the  matrix  owing  to  contraction 
or  to  stresses  at  lower  temperatures. 

In  the  case  of  pure  metals  and  solid-solution  alloys,  cracks  would  be 
expected  to  follow  the  grain  boundaries,  i.e.,  go  through  the  amorphous 
cement,  in  the  case  of  stresses  at  high  temperatures,  viz.,  at  temperatures 
exceeding  the  equi-cohesive  temperature.^'^  At  lower  temperatures,  the 
fracture  would  be  intergranular  because  the  amorphous  metal  is  stronger 
than  the  crystalline;  but  above  the  equi-cohesive  temperature  the  amor- 
phous phase  is  weaker  than  the  ciystalline  phase,  and  consequently 
cracks  due  to  solidification  shrinkage  will  be  intergranular.  While  at 
the  ordinary  temperature,'^  the  amorphous  cement  may  be  regarded  as 
hardening  and  strengthening  the  grain  boundaries  (and  consequently  the 
mass  of  metal),  at  a  sufficiently  high  temperature  the  strength  of  the 
cement  is  less  than  that  of  the  grains  of  metal.  Where  a  crack  is  found 
assuming  an  indiscriminate  path,  it  may  be  due  to  rupture  at  the  equi- 
cohesive  temperature,  i.e.,  at  that  temperature  where  the  resistance  of 
the  cement  is  the  same  as  that  of  the  grains. 

It  may  be  said  that  in  the  case  of  cracks  originating  from  stresses  at  a 
low  temperature,  cracking  will  be  less  likely  to  occur  in  fine-grained 
metals  than  in  coarse-grained  ones.  Fine-grained  metals  and  alloys 
consist  of  a  greater  proportion  of  the  amorphous  phase  and  a  lesser 
proportion  of  the  crj'stalline  phase  than  do  coarse-grained  ones.     The 

1^  Zay  Jeffries :  Amorphous  Metal  Hypothesis  and  Equi-cohesive  Temperatures, 
Jnl.  Am.  Inst,  of  Metals   (1917)  11,  300-323. 

18  W.  Rosenhain  and  J.  C.  W.  Hiimfrey:  Tenacit}',  Deformation,  and  Fracture 
of  Soft  Steel  at  High  Temperatures,  Jnl.  Iron  and  Steel  Inst.  (No.  1,  1913)  87,  219-268. 
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former  are  consequently  stronger  and,  in  general,  less  likely  to  crack. 
On  the  other  hand,  the  cracking  tendency  will  be  greater  in  fine-grained 
metals  than  in  coarse-grained  in  the  case  of  stresses  at  high  temperatures; 
i.e.,  above  the  equi-cohesive  temperature,  because  the  amorphous  phase 
is  weaker  than  the  crystalline  phase  at  the  higher  temperatures. 

Some  of  the  illustrations  show  that  the  grain  size  was  quite  large  and 
that  the  cracks  passed  along  the  boundaries  of  the  large  grains.  In  the 
eutectiferous  92  :  8  Al-Cu  alloy,  it  is  not  to  be  supposed  that  the  eutectic 
is  segregated  entirely  at  the  boundaries  of  the  large  (macroscopic)  grains, 
but  each  of  the  large  grains  will  be  found,  on  microscopic  examination, 
to  consist  of  a  number  of  smaller  grains  surrounded  l)y  the  eutectic. 
A  crack  may  pass  through  a  large  grain  and  still  be  intergranular  with 
respect  to  the  small  grains  within  the  large  grains  (see  Figs.  9  and  10). 
This  etching  phenomenon  in  the  case  of  the  light  aluminum  alloys  has 
been  described  elsewhere. ^^  The  metallography  of  cracking  has  been 
treated  only  briefly  in  the  present  paper,  but  it  is  intended  to  discuss  this 
more  fully  in  a  later  communication. 

Methods  for  Prevention  of  Cracks 

Of  course,  it  is  not  to  be  expected  that  cracks,  as  a  defect,  will  entirely 
disappear  b}^  the  observance  of  the  precautions  here  given,  but  they  may 
be  largely  eliminated.  The  contraction  of  volume  is  a  fixed  constant 
for  a  given  alloy,  so  alloys  that  have  an  excessively  large  contraction 
in  volume  should  be  avoided  for  the  production  of  complicated  castings 
or  those  of  intricate  design;  for  instance,  large  and  complicated  crank- 
cases.  Of  course,  for  some  simple  castings,  alloys  with  high  shrinkage 
may  be  employed  satisfactorily.  The  contraction  in  volume  may  be 
controlled,  within  limits,  by  the  correct  use  of  risers  and  chills,  so  that  a 
given  alloy  is  not  necessarily  unsuitable  for  use  in  complicated  castings 
simply  because  it  has  a  high  shrinkage. 

Both  the  contraction  in  volume  and  the  physical  properties  at  high 
temperatures  are  dependent  on  the  composition  of  the  alloys,  and  alloys 
should  be  chosen,  on  the  basis  of  adequate  test  data,  that  properly 
fulfill  the  requirements.  The  quality  of  the  melting  charge  should  be 
controlled  by  chemical  analysis;  much  of  the  difficulty  experienced  with 
cracking  comes  from  inadequate  control  of  the  melting  stock. 

Castings  should  be  designed  correctly,  from  both  the  foundry  and  the 
engineering  standpoints.  So  long  as  complicated  and  intricately  designed 
castings  must  be  made,  cracks  cannot  be  wholly  eliminated.  From  the 
foundry  standpoint,  the  simpler  the  design,  the  less  difficulty  is  experi- 

"  R.  J.  Anderson:  Metallography  of  Aluminum  Ingot,  Chem.  dt  Met.  Eng.  (1919) 
21,  229-234.  See  also  D.  Hanson  and  S.  L.  Archbutt:  Micrography  of  Aluminum 
and  its  Alloys,  Jnl.  Inst,  of  Metals  (1919)  21,  291-304;  discussion.  313-315. 


854  CRACKS    IN    ALUMINUM-ALLOY    CASTINGS 

diced  in  production;  it  would  seem  as  though  many  castings  are  made 
needlessly  intricate.  Methods  of  molding  and  the  use  of  chills  and  risers 
are  variable  factors  that  depend  on  the  casting  to  be  made;  it  is 
not  possible  to  formulate  any  definite  rules  for  them.  The  expedient 
of  experimental  molding,  as  suggested  by  Traphagen,-°  is  valuable  in 
determining  the  most  suitable  method  for  molding  a  given  casting,  with 
particular  reference  to  gating,  risers,  and  chills.  Too  hard  ramming 
should  be  avoided,  and  the  required  hardness  of  molds  may  be  determined 
experimentally  where  experience  is  an  insufficient  guide.  The  gates 
should  be  of  ample  size  and  attached  correctly  to  the  casting;  the  use  of 
horn  gates,  where  possible,  is  recommended^^  for  they  permit  the  metal 
to  enter  the  mold  with  the  least  disturbance. 

Much  of  the  difficulty  experienced  with  cracking  is  traceable  to  the 
cores  and  to  faulty  core-room  practice;  too  much  emphasis  cannot  be 
placed  on  the  necessity  of  using  cores  of  the  correct  hardness. 

Many  cracked  castings  could  have  been  saved  if  they  had  been  chilled 
properly;  also,  if  the  risers  had  been  correctly  placed.  While  many  simple 
castings  do  not  require  risers,  they  must  be  used  on  most  large  and 
complicated  castings  so  that  certain  parts  of  the  castings  may  be  fed 
with  liquid  metal. 

The  melting  temperatures  should  be  low;  overheating  in  the  furnace 
should  be  avoided.  Open-flame  furnaces  should  be  run  with  a  non-oxidiz- 
ing atmosphere  in  order  to  avoid  the  formation  of  much  aluminum  oxide, 
and  consequently  occluded  dross  in  the  alloy.  Skimming  should  be  ade- 
quately and  carefully  done  and  the  melting  practice  should  be  conducted 
as  cleanly  as  possible.  Foundry-floor  sweepings  should  not  be  charged 
into  the  furnaces  unless  sieved,  and  foreign  materials  should  be  kept  out 
of  the  furnace  charges.  The  pouring  temperatures  should  be  as  low  as 
is  consistent  with  filling  the  mold  readily  with  metal;  high  pouring 
temperatures  should  be  avoided.     This  presupposes  pyrometric  control. 

The  observance  of  these  several  precautions,  together  with  proper 
supervision  and  the  study  of  each  cracked  casting  followed  by  remediable 
steps  taken  to  prevent  the  occurrence  in  subsequent  production,  should 
go  a  long  way  to  eliminate  cracks  as  a  serious  defect  in  the  founding  of 
light  aluminum-alloy  castings. 

DISCUSSION 

E.  H.  Dix.,  Jr.,*  Dayton,  Ohio  (written  discussion). — In  his  first  para- 
graph, the  author  states  that  a  crack  is  due  "to  fracture  of  the  alloy 


20  11.  Traphagen:  Value  of  the  Scrap  Pile,  paper  before  the  Am.Foundrymen's 
Assn.,  Philadelphia  meeting,  September,  1919. 

2'  J.   W.   Collins:  Suggestions  for   Making  Aluminum   Castings.     Paper  before 
Detroit  Foundrymen's  Assn.,  1914;  abstract  in  The  Foundnj  (1914)  42,  67-G8. 
*  Chief,  Metals  Branch,  Engineering  Division,  Air  Service. 
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8  PER  CENT.  COPPER,  BALANCE 
ALUMINUM. 


10  PER  CENT.  COPPER,  BALANCE 
ALUMINUM. 


7  per  cent.  copper,  1  per  cent. 
tin,  balance  aluminum. 

Fig.  20. — Hot-shortness  tests 


Silicon-aluminum  alloy. 


856 


CRACKS    IN    ALUMINtJM-ALLOY    CASTINGS 


resulting  from  the  stress  set  up  ])y  the  contraction  in  vohuue  on  passing 
from  the  Hquid  to  the  solid  state."  In  his  third  paragraph,  he  states 
that  "patternmaker's  shrinkage  is  the  total  contraction  in  volume 
(including  liquid,  solidification,  and  solid  shrinkage)  that  occurs  when 
an  alloy  is  poured  into  a  mold." 

The  writer  obtained  considerable  information  in  regard  to  the  first 
point  by  a  crude  hot-shortness  test  made  in  this  laboratory  on  all  experi- 
mental alloys.  In  this  test,  bars  are  cast  with  enlarged  ends  to  fit  around 
two  steel  pins  rigidly  held  12  in.  apart;  Fig.  20  shows  the  method  in 
detail.     As  soon  as  the  metal  has  set  the  cope  is  lifted  off  and  the  sand 


Fig.  21. — Method  of  gating  shrinkage  bar. 


scraped  away.  The  test  bar  is  always  solid  and  gives  no  indication  of 
a  crack  until  several  minutes  later;  the  time  varies  with  the  alloys  under 
test.  It  is  obvious  that  in  this  case  the  liquid  shrinkage  can  have  no 
effect  on  the  tendency  to  crack  because  liquid  metal  is  fed  into  the  mold 
by  the  two  risers.  The  solidification  shrinkage  does  not  have  much 
effect  in  this  particular  case,  so  that  the  solid  contraction  is  practicall}' 
the  sole  cause  of  the  cracking.  In  actual  castings,  it  is  not  always  possible 
to  feed  the  casting  with  liquid  metal  as  well  as  in  this  case;  therefore  the 

Table  5. — Results  of  Tests  to  Determine  Patternmaker's  Shrinkage 

Shrinkage.  Inches 
Per  Foot 

Commercial  Al  ingot 0.210 

8  per  cent.  Cu-AI  alloy 0. 187 

•10  per  cent.  Cu-AI  alloy 0. 182 

12  per  cent.  Cu-AI  alloy 0. 177 

10  per  cent.  Zn-Al  alloy 0. 195 

15  per  cent.  Zn-Al  alloy 0. 187 

13  per  cent.  Si-Al  alloy 0. 170 

4  per  cent.  Cu,  3  per  cent.  Si-Al  alloy 0. 103 

7  per  cent.  Cu,  1  per  cent.  Sn-AI  alloy 0. 189 

2  per  cent.  Cu,  1.3  per  cent.  Mn-Al  alloy 0.204 
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solidification  shrinkage  may  have  more  effect,  but  it  is  hard  to  beheve 
that  the  Hquid  shrinkage  enters  the  problem  at  all. 

To  determine  the  patternmaker's  shrinkage,  the  writer  conducted 
some  tests  in  the  same  manner  as  those  given  in  Table  1,  a  1-in.  square 
test  bar  being  cast  in  green  sand  between  graphite  templets  set  accurately 
12  in.  apart.  The  method  of  gating  these  bars  is  shown  in  Fig.  21. 
The  results  obtained  on  some  typical  alloys,  the  pouring  temperature 
in  every  case  being  approximately  1300°  F.,  are  given  in  Table  5. 

These  results  are  much  higher  than  those  indicated  in  Table  1, 
which  may  be  the  result  of  different  pouring  temperatures,  difference 
in  the  mass  of  metal,  and  perhaps  of  the  method  of  gating.  But  there  is 
comparatively  little  difference  in  the  actual  shrinkage  of  the  various  allo\^s 
as  obtained  by  this  method,  which  agrees  with  the  results  given  in  Table  1. 
Here  again  it  appears  that  the  shrinkage  obtained  in  this  test  is  primarily 
due  to  solid  contraction,  the  liquid  shrinkage  not  entering  at  all,  and 
the  solidification  shrinkage  only  slightly,  if  at  all.  In  other  words, 
this  shrinkage  can  be  calculated  as  the  inverse  of  the  coefficient  of 
expansion  of  the  alloys.  For  instance,  Dittenberger's-^  formula  for  the 
coefficient  of  expansion  of  pure  aluminum, 

Jq  =  (23.536/  +  0.017071/-)  X  lO"" 

when  applied  to  the  temperature  range  from  650°  C.  to  20°  C,  gives  a  con- 
traction of  0.249  in.  per  ft.,  which  is  considerably  larger  than  the  shrink- 
age shown  in  Table  5  for  aluminum  ingot.  This  formula  admittedly 
gives  rather  high  results  and  the  shrinkage  is  undoubtedly  influenced 
by  the  percentage  of  impurities  present.  Thus,  roughly,  the  shrinkage 
given  in  Table  5  is  mereh^  the  inverse  of  the  coefficient  of  expansion 
of  the  alloys. 

The  usual  patternmaker's  shrinkage  for  aluminum  alloys  is  ^^2 
in.  per  ft.,  or  approximately  0.156  in.  per  ft.  This  is  much  lower  than 
any  of  the  values  in  Table  5  and  is  also  lower  than  that  obtained  by  the 
coefficient  of  expansion  formula.  It  has  been  found  through  practical 
experience,  however,  that  this  allowance  for  shrinkage  gives  castings 
of  approximately  the  correct  size.  To  the  writer,  this  is  merely  an  indi- 
cation that  free  shrinkage  of  the  alloy  is  hindered  by  the  shape  of  the 
castings,  cores,  molding,  sand,  etc.  In  some  cases  camshaft  housings, 
approximately  6  ft.  long,  were  of  variable  lengths  though  casting  from 
the  same  pattern,  caused  perhaps  by  variations  in  pouring  temperature 
and  molding  conditions. 

Hence,  to  sum  up,  the  greatest  cause  of  cracking  is  the  high  contrac- 
tion shrinkage  of  the  aluminum  alloy's.  There  may  be  cases,  where 
heavy  sections  are  joined  to  very  thin  sections,  where  the  solidification 

2^  Bureau  of  Standards,  Cir.  No.  76. 
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shrinkage  also  is  a  contributory  cause  to  cracking,  but  in  general  where 
cracks  are  due  to  hard  cores,  or  molds,  the  cause  of  the  crack  is 
solid  shrinkage. 

The  writer  agrees  with  the  author  that  test-bar  results  of  tensile 
strength  and  elongation,  even  at  elevated  temperatures,  are  not  any 
criterion  of  a  tendency  for  aluminum  alloys  to  crack.  For  instance, 
the  last  alloy  given  in  Table  5  has  good  strength  and  elongation  at  high 
temperatures,  yet,  because  of  its  high  shrinkage  and  perhaps  other 
causes,  it  is  very  hable  to  crack.  Fig.  20  gives  an  indication  of  the  rela- 
tive susceptibility  of  the  several  alloys  to  cracking.  The  7  per  cent, 
copper,  1  per  cent,  tin,  balance  aluminum  alloy,  which  is  admit- 
tedly weak  at  high  temperatures,  has  pulled  farther  apart  than  the  other 
alloys;  whereas,  the  silcion-aluminum  alloy  has  not  cracked  at  all.  Fur- 
ther investigations  have  shown  that  the  alloys  of  siHcon  and  aluminum, 
with  and  without  copper,  may  have  their  composition  varied  through  wide 
ranges  and  yet  withstand  this  test  without  cracking.  However,  by  the 
use  of  an  impure  ingot  containing  high  iron,  this  alloy  immediately 
became  susceptible  to  cracks. 

R.  J.  Anderson. — The  definition  of  shrinkage  given  is  the  accepted 
one.  Mr.  Dix  apparently  does  not  attribute  the  cracking  of  aluminum 
alloys  to  the  slight  differences  in  linear  contraction  showed  by  pouring 
test  bars  in  a  mold;  the  author  does,  however.  The  ordinary  90:10 
aluminum-copper  alloy,  where  the  contraction  may  be  1.25  per  cent., 
will  crack  on  being  poured  into  a  casting  under  given  conditions,  while 
the  87:13  aluminum-silicon  alloy,  where  the  contraction  is  about  1.10 
per  cent.,  will  not  crack.  Rosenhain  and  others  allege  that  the  slight 
differences  in  linear  contraction  among  the  various  light  aluminum  alloys 
cannot  account  for  their  different  behavior  on  casting  in  the  foundiy; 
the  author  thinks  that  more  importance  should  be  attached  to  these 
small  differences  in  contraction, 

Edwards-^  has  shown  that  the  contraction  in  volume  of  the  92:8  alu- 
minum-copper alloy  from  the  beginning  to  the  end  of  freezing — over 
the  temperature  interval  636°  to  540°  C. — is  about  7  per  cent.  The 
hquid  shrinkage  of  this  alloy  on  cooling  from  1,000°  C.  (density,  2.434) 
to  700°  C.  (density,  2.524)  is  about  3.5  per  cent.  The  solid  shrinkage 
from  the  freezing  point  (540°  C,  where  freezing  is  complete)  to  room 
temperature  is  taken  as  about  0.156  in.  per  ft.,  or  1.30  per  cent.  The 
total  contraction  in  volume  on  passing  from  the  liquid  state  at  an}^  tem- 
perature to  the  solid  state,  say  at  room  temperature,  is  the  algebraic  sum 
of  the  hquid  shrinkage  plus  the  sohdification  shrinkage  plus  the  solid 
shrinkage. 

2^  J.  D.  Edwards,  Mechanism  of  Solidification  of  a  Copper-aluminum  Alloy. 
Chem.  &  Met.  Eng.  (1921)  24,  217-220. 


DISCUSSION  859 

The  test  for  patternmaker's  shrinkage,  or  linear  contraction  on  pour- 
ing into  a  mold,  is  useful  and  can  be  carried  out  with  much  more  sim- 
plicity than  the  hot-shortness  test  devised  by  Gillett  and  Skillman. 

The  figures  given  for  the  linear  contraction  of  some  light  aluminum 
alloys  were  determined  bj^  pouring  into  graphite  molds,  and  subse- 
quently about  fifty  alloys  were  tested  in  both  graphite  and  sand 
molds.  In  the  case  of  the  bars  poured  in  sand,  bars  were  cast  between  the 
faces  of  a  cast-iron  templet  exactly  12.000  in.  apart  and  using  three  sizes 
of  bars,  viz.,  0.5  in.  square,  1.0  in.  square,  and  0.5  by  1.0  in.  in  cross-section. 
The  data  derived  from  these  tests  will  be  presented  later,  but  it  should 
be  stated  that  the  linear  contraction  is  a  function  of  a  number  of  factors 
among  which  the  pouring  temperature  and  size  of  section  are  of  predomi- 
nant importance. 

When  making  up  patterns  for  the  production  of  aluminum-alloy 
castings,  the  general  figure  0.156  in.  per  ft.  is  used  as  the  pattern  allow- 
ance. If  a  given  alloy  is  to  be  run  for  any  lot  of  castings,  it  would  be 
profitable  to  make  linear-contraction  tests  over  a  wide  range  of  section 
size  and  pouring  temperature  before  making  the  patterns, 

E.  H.  Drx,  Jr. — The  author  did  not  get  my  point,  which  is  that  0.156 
in.  is  so  much  smaller  than  the  value  obtained  from  the  coefficient  of 
expansion  formula  that  the  actual  solid  contraction  more  than  takes 
care  of  the  usual  patternmaker's  shrinkage. 

R.  J.  Anderson. — That  is  true. 

H.  B.  Swan,  Detroit,  Mich. — In  considering  what  is  commonly  known 
as  87:13  silicon  alloy,  you  have  practically  a  eutectic  structure  in  silicon 
and  aluminum  and  less  shrinkage  and  the  metal  is  stronger  than  in  the 
No.  12.  In  an  alloy  of  that  type  does  not  less  strain  develop  between 
thin  and  heavy  sections  because  the  eutectic  structure  gives  an  alloy 
that  cools  almost  at  one  point? 

R.  J.  Anderson. — That  is  true.  The  87:13  silicon  alloy  is  in  the 
vicinity  of  the  eutectic,  which  lies  at  about  10.5  per  cent,  in  the  aluminum- 
sihcon  sj^stem.  In  the  case  of  the  92  : 8  aluminum-copper  alloy,  where 
there  are  too  many  risers  in  the  mold,  the  alloy  cannot  contract 
normally  but  is  prevented  from  moving,  and  cracking  occurs  at  high 
temperatures,  i.e.,  in  the  solidification  range.  ; 

T.  D.  Stay,  Cleveland,  Ohio. — One  reason  why  the  silicon  alloys  do 
not  crack  is  they  are  not  hot  short  at  a  point  just  under  the  solidification 
point.  If  there  are  a  number  of  risers,  which  tend  to  prevent  linear 
shrinkage,  the  alloy  stretches  a  little  instead  of  shrinking  at  a  point  just 
under  solidification,  and  therefore  eliminating  strains  and  cracks.     No.  12 
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aluiniiiuiu  is  very  hot  short;  in  fact,  a  riser  may  be  broken  off  easih'  at  a 
point  just  below  sohdification;  but  siHcon  alloys  may  be  hammered  for 
several  minutes  and  then  sections  will  be  badly  dented  without  cracking. 

John  A.  Laxge,  Western  Springs,  111. — When  rolling  metal  contain- 
ing silicon,  the  rollers  may  have  to  give  one  or  two  extra  passes;  but  the 
silicon  does  not  cause  trouble  in  the  melting,  casting,  or  rolling.  The 
trouble  comes  in  the  annealing  operation,  as  this  alloy  must  be  given  a 
short  quick  anneal,  otherwise  the  sheet  is  harder  and  it  does  not  act 
as  well  under  the  drawpress.  That  is  ni}-  objection  to  the  silicon.  Of 
course,  if  we  know  we  are  getting  metal  with  a  high  silicon  content, 
we  can  arrange  to  handle  it  separatelj^  in  our  annealing  furnace.  But 
I  would  prefer  not  to  have  the  metalin  the  plant  because  a  large  percent- 
age of  scrap  is  always  coming  back  and  I  do  not  want  to  get  it  mixed 
with  the  other  metals. 
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Gas  Absorption  and  Oxidation  of  Non-ferrous  Metals 

By  B.  Woyski*  and  John  W.  BoECK,t  Buffalo,  N.  Y. 

(Rochester  Meeting,  June,  1922) 

Many  writers,  in  discussing  defects  caused  by  oxidation  and  gassing 
of  bronzes  and  red  brasses  advocate  substantially  the  same  cure  for 
both.  But  from  its  nature,  oxidation  cannot  take  place  if  there  is  an 
excess  of  fuel  in  the  furnace,  while  the  gases  absorbed  by  some  alloys  are 
products  of  incomplete  combustion  of  the  fuel.  Hence  the  metal  can 
be  either  oxidized  or  gassed,  but  it  is  doubtful  whether  these  actions 
can  take  place  simultaneously. 

Oxidation  can  be  easily  overcome  by  the  use  of  deoxidizers  or  it  may 
be  avoided  by  protecting  the  molten  metal  with  suitable  fluxes.  Absorp- 
tion of  gases  is  more  difficult  to  overcome :  the  regulation  of  the  air  and 
fuel,  so  as  to  produce  complete  combustion,  and  the  protection  of  the 
bath  by  mineral  fluxes  are  the  most  important  factors.  Gas  expulsion, 
resulting  in  gas  holes,  porosity,  unsoundness,  and  swollen  or  cauliflower- 
headed  risers,  is  said  to  have  several  causes.  One  writer^  lists  the  most 
common  causes  in  the  order  of  their  importance,  as  follows:  Superheated 
metal,  dirty  or  slaggy  furnace  conditions,  using  metals  low  in  quality  or 
those  previously  subjected  to  bad  melting  practice,  poor  grade  of  fuel, 
use  of  newly  lined  or  damp  ladles,  indiscriminate  mixing  of  scrap  or 
illogical  combinations  of  metal. 

Superheating  the  metal  usually  occurs  when  the  heat  is  read}^  to  be 
poured  but  for  some  reason  must  be  held  in  the  furnace.  In  this  case,  a 
careful  furnace  tender  tries  to  avoid  overheating  the  metal  by  keeping  a 
mild  fire;  that  is,  a  reducing  fire  which,  unfortunately,  results  in  gassing 
the  metal. 

A  dirty,  slaggy  furnace  may  result  in  gassing  the  metal  by  retarding 
the  heating  and  prolonging  the  time  necessary  to  bring  the  metal  to  the 
proper  temperature,  thereby  increasing  the  chances  of  gassing  in  uncertain 
furnace  atmosphere. 

It  is  doubtful  whether  metals  of  low  quality  have  anything  to  do  with 
gassing  molten  metal,  except,  possibly  in  the  case  of  metals  containing 

*  Chief  Metallurgist,  Lumen  Bearing  Co. 
t  Assistant  Metallurgist,  Lumen  Bearing  Co. 
1  R.  R.  Clarke:  Foundry  (1919)  47,  121. 
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sulfur.  The  suKur  may  produce  gas  holes  as  a  result  of  a  reaction 
with  occluded  oxides.  The  reaction  between  sulfur  and  copper  oxide 
is  reversible,  depending  on  pressure  and  temperature. 

Metal  that  has  been  subjected  to  bad  melting  practice,  whether  oxi- 
dized or  gassed,  can  be  brought  back  to  normal  conditions  by  proper 
furnace  practice.  In  the  case  of  oxidized  metal,  a  deoxidizer  or  a  flux  is 
necessary.  In  the  case  of  gassed  metal,  a  strongly  oxidizing  furnace 
atmosphere  of  relatively  high  temperature,  so  as  to  produce  quick  melt- 
ing, will  correct  the  gassed  condition.  This  has  been  proved  many  times. 
In  one  case,  when,  on  account  of  a  change  in  the  furnace  tender,  several 
heats  of  red  brass  were  gassed,  all  the  castings  were  returned  to  the 
furnace  and  melted  under  the  conditions  just  described,  the  resulting 
castings  were  entirely  satisfactory,  both  as  to  fracture  and  microscop- 
ical characteristics. 

The  use  of  newly  lined  and  damp  ladles  may  be  one  cause  of  gassing. 
This  may  be  ascribed  to  hydrogen,  from  dissociated  steam,  being  ab- 
sorbed and  then  liberated  on  freezing,  or  after  action  on  the  occluded 
oxides  with  the  formation  of  steam  at  lower  temperatures;  however, 
the  dissociation  of  steam  at  the  pouring  temperature  of  bronzes  is 
negligible. 

Indiscriminate  mixing  of  scrap  and  the  illogical  combination  of 
metals  should  never  occur  in  any  foundr}',  but  we  hardly  believe  that  it 
would  result  in  gassed  metal. 

The  most  important  cause  of  gassed  metal  is  the  atmosphere  of  the 
furnace;  with  the  proper  regulation  of  air  and  fuel,  it  will  not  take  place 
in  the  case  of  most  non-ferrous  alloys.  Unfortunateh^  the  appearance 
of  the  flame  outside  the  furnace  is  not  a  positive  indication  that  the  right 
condition  exists  inside  the  furnace,  especially  in  the  case  of  open-flame 
furnaces.  The  burners  should  allow  intimate  mixing  of  the  air  and  fuel 
before  they  reach  the  furnace;  otherwise,  soluble  fuel  vapors  may  pla}- 
on  the  surface  of  the  molten  metal. 

The  appearance  of  a  casting  poured  from  gassed  metal  depends  much 
on  its  form  and  size,  nature  of  the  aUoj^,  and  the  pouring  temperature. 
In  the  case  of  red  brasses,  the  riser  may  not  "go  down"  at  all,  or  it  may 
go  down  considerably  and  then,  at  a  lower  temperature  "come  up." 
The  casting  may  show  gas  holes  under  the  riser,  which  will  be  different 
from  shrink  holes,  or  it  may  be  solid  under  the  riser  but  will  not  machine 
smooth  and  the  fracture  will  be  discolored.  In  the  latter  case,  almost 
any  foundryman  will  pronounce  it  oxidized.  In  the  case  of  thin  sections 
of  zinc  bronze,  the  casting  may  machine  smooth  but,  if  fractured,  will 
show  two  layers  that  are  easily  separated;  this  condition  also  is  often 
ascribed  to  oxidation.  We  have  heard  that  this  last  condition  may  be 
overcome  by  hot  pouring;  this  would  indicate  that  the  defect  is  a  result  of 
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shrinkage  due  to  cold  pouring  but  it  does  not  disprove  that  the  defect  is 
not  caused  by  gases  absorbed  by  the  metal,  because  to  get  the  metal 
very  hot  it  is  necessary  to  use  a  hot  (in  other  words,  an  oxidizing)  fire, 
resulting  in  quick  melting  with  a  minimum  chance  for  gassing. 

We  have  strong  evidence  that  the  discolored  fracture  is  not  always 
due  to  oxidation.  While  making  bearings  of  leaded  gun  metal,  it  was 
noticed  that  the  castings  showed  discolored  fractures.  The  metal  was 
melted  in  a  Detroit  arc  furnace,  sealed  air  tight,  so  that  any  oxygen  inside 
the  furnace  was  used  very  rapidly  by  the  electrodes  with  the  formation  of 
carbon  monoxide;  the  oxidation  of  the  metal  under  these  conditions  was 
inconceivable.  The  addition  of  phosphorus,  magnesium,  mineral  fluxes, 
and  charcoal  did  not  help.  The  same  alloy,  melted  in  the  Bailey  electric- 
resistance  furnace,  when  poured  into  the  same  kind  of  molds  made  by  the 
same  molder,  produced  castings  of  normal  fracture.  The  Bailey  furnace 
is  not  air  tight;  there  is  an  inflow  of  air  at  the  bottom,  through  the 
spout  under  the  door,  and  an  outflow  of  gases  and  zinc  vapors  at  the  top. 
If  the  alloy  melted  is  of  high  zinc  content,  the  pressure  of  the  zinc  vapors 
within  the  furnace  is  sufficient  to  prevent  the  inflow  of  air.  Thus,  in 
the  Bailey  furnace  there  is  a  greater  opportunity  for  the  oxidation  of 
alloys  of  low  zinc  content  than  in  the  Detroit  arc  furnace;  consequently, 
we  attributed  the  trouble  to  the  absorption  of  carbon  monoxide,  which 
exists,  in  a  sealed  arc  furnace,  under  pressure.  The  vent  was  then  left 
open  and  the  trouble  disappeared;  castings  exhibited  a  clean  normal 
fracture.  Later,  another  user  of  the  Detroit  arc  furnace  stated  that  if 
the  furnace  is  air  tight  during  melting,  trouble  will  be  experienced.  The 
nature  of  the  trouble  was  not  explained,  but  it  cannot  be  supposed  to  be 
oxidation. 

It  was  also  noticed  on  several  occasions  that  discolored  fractures 
appeared  in  bearings  poured  with  metal  melted  in  open-flame  furnaces 
with  decidedly  reducing  flames.  With  a  decidedly  oxidizing  flame  and  a 
mineral-flux  protection,  castings  of  the  same  metal  had  normal  fractures. 

The  so-called  "tin  sweat,"  or  the  exudation  of  a  tin-rich  alloy  from 
bronze  castings  is  also  due  to  the  liberation  of  gas  absorbed  in  the  furnace. 
This  often  happened  in  the  past,  but  does  not  occur  in  our  practice, 
since  the  detrimental  effect  of  a  reducing  fire  was  realized.  The  tin 
sweat  occurs  most  frequently  in  the  riser.  This  may  go  down  at  first 
and  then  when  almost  solid  an  exudation  takes  place,  either  in  the  cavity 
of  the  riser,  or  at  its  edge,  if  the  riser  did  not  go  down  at  all.  Fig. 
1  illustrates  the  first  case  and  Fig.  2  the  second.  Fig.  1  represents  a 
longitudinal  section  of  the  riser  of  a  large  casting  containing  88  per  cent, 
copper,  5.5  per  cent,  tin,  1  per  cent,  lead,  and  5.5  per  cent.  zinc.  The 
gray  material  is  the  tin-rich  alloy  and  the  black  spots  gas  holes.  In 
this  case  the  evolution  of  a  combustible  gas,  taking  fire  in  the  cavity  of 
the  riser  on  contact  with  the  air,  was  seen  plainly  in  partial  darkness. 
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Fig.  1.— Longitudinal  section  of  riser  of  a  large'casting,  showing  exudation 

;0f  tin-rich  alloy.  j 


Fig.  2.— Longitudinal  section  of  riser  of  a  medium-sized  casting. 
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Fig.  2  is  also  a  longitudinal  section  of  the  riser  of  a  medium-sized  casting 
containing  84  per  cent,  copper  and  16  per  cent.  tin. 

In  the  case  of  aluminum  bronze,  various  metaUic  deoxidizers  are  used 
to  insure  a  sound  casting.  Their  use  seems  to  be  illogical;  defects  in 
aluminum  bronze  are  caused  by  gas  holes  or  alumina  inclusions.  It  is 
well  known  that  alumina  forms  while  pouring,  and  in  the  mold  if  there  is 
any  agitation.  No  deoxidizer  will  have  the  opportunity  to  reduce  the 
alumina  formed  in  the  mold;  if  it  does,  the  product  of  deoxidation, 
whether  it  be  a  gas  or  a  solid,  will  be  trapped  under  the  skin  of 
the  casting. 

Anderson  says^  "there  is  now  known  no  commercial  method  for  the 
deoxidation  of  aluminum."  The  oxidation  of  aluminum  bronze  while 
melting  is  negligible  and  only  on  the  surface.  Any  oxide  stirred  in  the 
metal  during  mixing  rises  to  the  surface  very  readily.  This  has  been 
proved  by  melting  aluminum  bronze  in  a  crucible  holding  about  3  lb., 
stirring  the  oxides  into  the  molten  metal,  and  then  allowing  the  metal  to 
freeze  fairly  rapidly  in  the  pot.  The  button  was  cut  vertically  and  a 
section  polished.  On  examination,  under  the  microscope,  no  alumina 
was  found  in  the  metal  except  immediately  under  the  top  surface.  A 
number  of  heats  of  aluminum  bronze  were  poured  in  this  foundry  with- 
out any  deoxidizer,  and  those  castings  where  there  was  no  agitation  of  the 
metal  in  the  mold  were  free  from  alumina.  All  those  in  which,  on  ac- 
count of  the  design  or  method  of  gating,  the  metal  was  agitated  while 
fining  the  mold,  invariably,  on  machining,  showed  the  presence  of  alumina 
immediately  under  the  top  surface.  But  the  use  of  deoxidizers  in  the 
manufacture  of  aluminum  bronze  is  quite  common,  probably  because 
some  of  them  act  to  a  certain  extent  as  degasifiers. 

Aluminum  bronze  is  very  susceptible  to  gassing;  that  is,  the  copper 
which  is  melted  first  is,  of  course,  highly  susceptible,  and  the  addition  of 
the  aluminum  has  not  a  corrective  influence;  but  the  resulting  alloy  is 
less  sensitive  to  gasification  than  pure  copper  itself.  When  gassed,  this 
alloy  poured  in  a  sand  mold  will  not  go  down  in  the  riser  and  the  casting 
will  show  pear-shaped  and  elongated  holes.  Aluminum  does  not  remove 
the  gases  absorbed  by  copper.  This  was  also  observed  by  Moore  and 
Beckinsale.^  That  the  gases  absorbed  by  this  alloy  are  combustible, 
and  most  likely  hydrocarbons  or  carbon  monoxide,  was  indicated  in  a  few 
cases  where  the  riser  was  watched  and  minute  bubbles  of  gas  were  seen 
to  emerge  from  the  still  liquid  metal  and  take  fire.  By  using  a  decidedly 
oxidizing  flame  in  oil  furnaces,  the  gassing  of  aluminum  bronze  is  avoided 
completely.  In  coke-fired  furnaces,  gassing  of  this  alloy  never  happens, 
as  the  atmosphere  is  rarely,  if  ever,  reducing  but  probably  almost  neutral 
or  slightly  oxidizing. 

2  U.  S.  Bureau  of  Mines  Tech.  Paper  241  (1919). 

3  Jnl.  Inst,  of  Metals  (1921)  25,  219. 
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That  Carpenter  and  Elam^  have  not  found  any  appreciable  difference 
in  the  volume  of  gases  from  sound  and  unsound  castings  does  not  prove 
that  blowholes  and  porosity  in  unsound  castings  cannot  be  ascribed  to 
the  larger  volume  of  gas  dissolved  by  the  metal.  The  explanation  for 
not  finding  very  much  difference  may  be  that,  since  gas  that  cannot  be 
held  by  the  solidifying  metal  results  in  gas  cavities  and  films  between 
the  crystals,  it  is  removed  from  the  metal  while  evacuating  the 
furnace  tube  prior  to  heating.  Unsound  castings,  being  leaky,  can- 
not hold  gases  that  are  not  in  solution,  not  only  when  in  a  vacuum 
but  even  under  atmospheric  pressure.  On  account  of  the  high  diffusi- 
bility  of  gases  at  high  temperatures,  much  of  the  dissolved  gases  is 
replaced  by  air  right  after  the  solidification  of  the  metal.  The  amount 
of  gas  kept  in  solution  would  then  be  the  same  in  sound  and  unsound 
metal.  This  also  may  explain  the  discolored  fracture  of  unoxidized  but 
gassed  metal.  The  air  diffused  in  hot  unsound  metal  would  naturally 
discolor  the  walls  of  the  cavities. 

It  is  not  clearly  understood  what  kind  of  gases  cause  molten  copper 
to  come  up  in  the  sprue  and  riser,  when  poured  in  a  sand  mold.  As  a 
rule,  to  prevent  that  and  obtain  a  sound  casting,  a  deoxidizer  is  used, 
although  it  is  evident  that  gases  and  not  oxides  are  directly  responsible 
for  the  trouble.  The  question  arises:  Is  it  a  gas  absorbed  in  the  furnace 
which  is  soluble  in  liquid  copper  and  insoluble  or  less  soluble  in  solid 
copper;  or,  is  it  a  gas  which  is  soluble  in  soHd  as  well  as  in  liquid  copper, 
and  only  after  reaction  with  the  oxides  present  in  the  metal  or  formed 
during  pouring,  is  changed  to  insoluble?  In  the  first  case,  the  use  of  a 
deoxidizer  is  useless,  except  where  the  metallic  deoxidizer — by  alloying 
with  the  copper — renders  it  a  non-solvent  for  the  gas  while  in  a  liquid 
state.  In  the  second  case,  the  use  of  a  deoxidizer  is  logical.  That  the 
gases  soluble  in  copper  are  not  only  hydrocarbons  is  evident  from  the 
fact  that  even  in  an  electric  arc  furnace  the  copper  absorbs  a  gas,  which 
could  be  nothing  else  but  carbon  monoxide. 

The  unreliability  of  the  results  obtained  on  the  solubility  of  gases  in 
copper,  by  the  various  investigators,  is  illustrated  by  the  statement  of 
Bamford  and  Ballard^  in  a  survey  of  the  hterature  on  this  subject  that 
"the  question  as  to  whether  nitrogen,  carbon  monoxide  and  carbon  di- 
oxide are  soluble  in  copper  is  answered  in  the  affirmative  and  in  the  nega- 
tive by  equally  strong  schools  of  thought."  All  investigators  agree 
that  the  solubility  of  hydrogen  in  liquid  copper  is  considerable. 

It  may  be  contrary  to  the  general  opinion,  but  we  believe  an  oxidiz- 
ing condition  in  the  furnace  is  less  troublesome  than  a  reducing,  provided 
the  bath  is  protected  with  a  thin  layer  of  mineral  flux;  also  that  it  is  more 

*  Jnl.  Inst,  of  Metals  (1918)  19,  155. 
» Jnl.  Inst,  of  Metals  (1920)  24,  156. 
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economical  in  time  and  fuel.  The  loss  of  metal  is  not  appreciably- 
greater.  The  mineral  fluxes  protect  the  surface  of  the  metal  and  may- 
replace  deoxidizers  in  many  cases,  but  to  be  certain  of  the  removal  of 
oxides,  formed  before  the  metal  is  melted,  the  metal  must  be  stirred  in 
order  to  bring  the  oxides  into  contact  with  the  flux,  because  all  of  the 
oxides  do  not  float.  Aluminum  oxide  cannot  be  expected  to  float  in  mol- 
ten aluminum,  its  specific  gravity,  3.73-3.99,  being  greater  than  that  of 
aluminum,  2.6.  Lead  oxide,  with  a  specific  gravity  of  9.2-9.5,  cannot 
float  in  any  bronze  or  copper-lead  alloy  up  to  26  per  cent.  lead.  Tin 
oxide,  having  a  specific  gravity  6.6-6.9,  floats  to  the  surface  of  all  bronzes, 
but  not  as  readily  as  zinc  oxide,  the  specific  gravity  of  which  is  5.78. 

Two  small  pots  of  copper-lead  alloy  (90  per  cent.  Cu,  10  per  cent.  Pb) 
were  melted  side  by  side  in  a  gas-fired  furnace  and  the  metal  badly  oxi- 
dized; the  metal  was  stirred  often  in  order  to  mix  the  oxides  formed;  then 
one  pot  was  fluxed  with  a  mineral  flux  and  both  were  left  in  the  furnace 
to  cool  slowly.  Both  buttons  were  cut  vertically  and  one  half  of  each 
was  machined  and  pohshed;  the  other  half  was  fractured.  The  fluxed 
metal  did  not  show  any  trace  of  oxide,  while  a  red  powder  collected  on  the 
tool  when  machining  the  unfluxed  one.  Sufiicient  of  this  powder  was 
collected,  passed  through  a  200-mesh  sieve  to  remove  minute  particles 
of  metal,  analyzed,  and  was  found  to  contain  Si  0.8  per  cent.,  Cu  52.9 
per  cent.,  Pb  30.9  per  cent.  Nothing  else  could  be  detected,  so  the  sihcon, 
copper,  and  lead  were  calculated  to  oxides  with  this  result:  CuO  66.1 
per  cent.,  PbO  33.0  per  cent.,  Si02  1.7  per  cent.  The  machined 
unpolished  section,  when  examined  under  the  microscope  at  low  power, 
exhibited  holes  and  fissures  from  which  red  powder  could  be  picked. 
After  polishing,  no  oxide  could  be  detected  nor  could  the  oxide  cavities 
be  distinguished  from  the  lead.  The  fracture  of  the  fluxed  metal  was 
clean  and  of  normal  color;  the  fracture  of  the  unfluxed  metal  was  dis- 
colored, but  examination  under  a  binocular  microscope  failed  to  reveal 
any  oxide  pockets  in  the  fracture.  After  a  long  search  some  gray  glob- 
ules, which  seemed  to  be  lead,  were  touched  with  a  pin  and  found  to  be 
red  powder  balls  enveloped  with  a  gray  skin.  Further  examination 
revealed  large  numbers  of  them,  which  could  be  detached  from  the  metal 
without  bursting  the  skin. 

In  similar  experiments  with  copper-tin  alloys,  it  was  found  that  with 
slow  coohng  the  tin  oxide  floats  to  the  surface  in  the  form  of  crystals; 
the  slower  the  cooling  the  larger  the  crystals.  Theoretically,  the  tin 
oxide  cannot  exist  in  the  presence  of  zinc,  but  in  a  number  of  cases  we 
found  tin-oxide  crystals  in  red  brasses.  It  is  identified  by  its  color, 
behavior  with  etching  reagents,  and  its  crystaUine  form.  Zinc  oxide  is 
infusible  at  the  temperature  of  molten  bronze,  and,  therefore,  could  not 
attain  crystalline  form;  evidently  the  reaction  between  tin  oxide  and 
zinc  is  not  quantitative. 
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Our  experience  with  monel  metal  is  insignificant,  but  the  detrimental 
effect  of  reducing  fire  on  it  was  also  noticed.  We  tried  to  follow  the 
instructions  of  the  monel-metal  manufacturers,  but  obtained  indifferent 
results.  They  state  that  oxidation  must  be  avoided,  but  we  find  that 
sound  castings  can  be  made  only  by  avoiding  both  oxidation  and 
gassing.  This  can  be  accomplished  by  melting  in  an  oxidizing  atmos- 
phere and  protecting  the  metal  with  a  mineral  flux. 

The  three  common  causes  of  defects  in  a  brass  foundry,  oxidation, 
gassing,  and  shrinkage,  may  produce  effects  very  similar;  consequently, 
the  latter  two  are  often  erroneously  taken  for  oxidation.  The  effect, 
that  is  the  discolored  fracture,  in  every  case  is  due  to  oxygen;  directly, 
when  the  metal  is  oxidized  in  the  furnace,  and  indirectly,  in  the  case  of  gas 
or  shrinkage.  Gas  and  shrinkage  cause  porous  metal  and  intercrystalline 
fissures,  so  that  air  is  admitted,  which  results  in  the  formation  of  oxide 
films  on  the  walls  of  the  cavities  and  fissures. 

On  the  other  hand,  the  normal  color  of  fracture  is  not  a  positive 
indication  of  the  absence  of  oxides.  Even  in  the  same  casting,  the  frac- 
ture is  discolored  at  one  point  and  normal  at  some  other;  while  under  the 
microscope  any  part  of  the  casting  exhibits  the  same  unsound  condition 
and  presence  of  oxides.  This  was  observed  in  solid  bars  from  1  to  3  in, 
in  diameter  and  12  in.  long.  The  bars  were  gated  into  the  riser  located 
at  one  end.  The  fracture  one-third  distance  from  the  riser  was  dis- 
colored and  the  fracture  two-thirds  the  distance  from  the  riser  was 
normal.  The  polished  cross-sections  cut  near  fractures  exhibited,  under 
microscope,  the  same  quantity  of  oxide  crystals  and  films.  No  explana- 
tion has  been  found  for  this  lack  of  correlation  between  the  appearance 
of  fracture  and  of  polished  section. 

From  these  practical  observations  it  can  be  concluded  that :  The  most 
important  cause  of  gassing  molten  metal  is  the  furnace  atmosphere. 
Gassed  metal  can  be  brought  back  to  normal  condition  by  remelting 
in  an  oxidizing  atmosphere,  A  reducing  atmosphere  is  more  troublesome 
than  an  oxidizing  one.  Defects  caused  by  gas  or  shrinkage  may  have  a 
similar  appearance  to  those  caused  by  oxidation  and  are  often  mistaken 
for  such. 

DISCUSSION 

Paul  D,  Merica,  New  York,  N.  Y. — In  the  case  of  copper-base 
metal,  a  clear  distinction  can  be  drawn  between  oxidation  and  gasifi- 
cation. If  the  metal  is  oxidized,  it  contains  either  zinc  oxide  (brasses) 
or  tin  oxide  (in  the  bronzes).  To  introduce  soluble  gases  into  the  metal, 
it  must  be  done  through  the  furnace  atmosphere;  in  metals  containing 
carbon,  such  as  monel  metal  and  steel,  that  is  not  necessary.  The 
effect  of  oxidation  is  ultimately  the  same  as  that  of  gasification,  as  the 
first  action  of  oxidation  on  metal  containing  carbon  is  to  produce  carbon 
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monoxide.     Therefore  it  is  not  so  easy  to  draw  a  distinction  between 
oxidation  and  gasification  in  the  latter  case. 

R.  J.  Anderson,  Pittsburgh,  Pa. — Among  other  conclusions,  the 
authors  seem  to  insist  that  we  melt  in  oxidizing  atmospheres  rather  than 
in  reducing  atmospheres.  We  have  all  been  brought  up  to  believe 
that  a  reducing  atmosphere  is  the  kind  to  use  for  melting  non-ferrous 
alloys — that  is  the  orthodox  practice — and  if  there  is  any  reason  for 
changing  I  will  be  glad  to  learn  it.  On  page  862,  and  elsewhere,  the  authors 
state  that  an  alloy  which  has  been  subjected  to  bad  melting  practice, 
whether  oxidized  or  gassed,  can  be  brought  back  to  a  suitable  state  by 
proper  furnace  practice,  from  which  it  is  assumed  that  if  an  alloy  is  burned 
or  otherwise  ruined  in  melting,  it  can  be  remelted  and  restored  to  a  good 
condition  for  casting.     Proof  of  this  fact  should  have  been  given. 

We  have  been  talking  for  years  about  so-called  oxidizing,  neutral, 
and  reducing  atmospheres  in  furnaces,  although  in  very  few  instances 
have  any  actual  analyses  been  made  of  furnace  atmospheres.  It  is 
technically  incorrect  to  state  that  an  atmosphere  of  any  given  composi- 
tion is  oxidizing,  neutral  or  reducing  without  stating  also  all  the  conditions, 
e.g.,  temperature,  actual  chemical  composition  of  the  gases  in  the  atmos- 
phere, and  the  metal  or  alloy  being  melted.  In  an  open-flame 
furnace,  it  is  possible  to  have  an  atmosphere  containing  up  to  14  per  cent. 
CO2  or  CO.  The  importance  of  actual  analyses  of  furnace  atmospheres 
has  been  pointed  out  in  a  series  of  articles®  covering  briefly  the  results 
of  an  investigation  in  the  Bureau  of  Mines. 

There  is  an  apparent  contradiction  in  the  paper:  In  the  first  para- 
graph of  page  863,  it  is  stated,  "We  have  strong  evidence  that  the 
discolored  fracture  is  not  always  due  to  oxidation;"  on  page  868,  it  is  stated, 
"  The  effect,  that  is  the  discolored  fracture,  in  every  case  is  due  to  oxygen." 
It  is  also  stated  on  page  867  that  "aluminum,  oxide  cannot  be  expected 
to  float  in  molten  aluminum,  its  specific  gravity,  3.73  to  3.99,  being 
greater  than  that  of  aluminum,  2.6."  The  question  of  surface  tension 
will  enter  into  this  case;  if  the  aluminum  oxide  is  not  wetted  by  the 
aluminum,  it  can  float  on  the  surface  of  a  liquid  bath  of  aluminum  under 
the  influence  of  surface  tension.  A  liquid  bath  of  aluminum  is  always 
covered  with  a  scum  of  aluminum  oxide  when  exposed  to  the  air  or  to  a 
high-oxygen  atmosphere. 

Bruno  Woyski. — The  terms  oxidizing  and  reducing  are  used  in 
their  ordinary  sense.  The  atmosphere  is  judged  solely  by  the  color 
of  the  flame,  as  the  analysis  of  samples  taken  from  various  parts  of  the 
furnace  varied  to  an  extent  suflScient  to  render  them  valueless. 

*  R.  J.  Anderson  and  J.  H.  Capps :  Gases  in  Aluminum  Furnaces  and  Their 
Analysis,  Chem.  &  Met.  Eng.  (1921)  24,  1019-1021;  and  Constitution  of  Gas  Atmos- 
pheres in  Aluminum-alloy  Melting  Furnaces,  Chem.  &  Met.  Eng.  (1921)  25,  54-60. 
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Where  the  authors  say  "We  have  strong  evidence  that  the  discolored 
fracture  is  not  always  due  to  oxidation,"  they  use  the  term  as  it  is  gener- 
ally used;  that  is,  oxidation  in  the  furnace.  Later  when  they  say  "the 
discolored  fracture  in  every  case  is  due  to  oxygen,"  they  differentiate  as 
to  whether  it  was  in  the  furnace  or  due  to  the  oxygen  penetrating  an 
unsound  casting, 

H.  M.  St.  John,*  Detroit,  Mich. — I  do  not  think,  from  the  evidence 
submitted  in  the  paper,  we  are  justified  in  assuming  that  an  oxidizing 
atmosphere  is  the  right  kind  to  use  when  melting  bronze.  I  have  been 
in  touch  with  many  people  using  Detroit  furnaces,  some  of  whom  tried 
running  with  an  open  spout  and  also  with  the  spout  entirely  closed. 
With  the  exception  mentioned  in  this  paper,  I  do  not  know  of  a  case  where 
a  difference  has  been  discovered  in  the  quality  of  the  metal,  whether  the 
furnace  was  open,  partly  open,  or  entirely  closed.  As  a  matter  of  fact, 
the  authors  seem  to  assume  in  the  case  of  the  arc  furnace  that  if  the  spout 
is  entirely  open  the  atmosphere  in  the  furnace  will  be  oxidizing.  Unfor- 
tunately no  gas  analyses  are  presented  to  show  whether  or  not  this  might 
be  true.  But  in  several  cases  gas  analyses  have  been  made  of  the  atmos- 
phere of  Detroit  furnaces  melting  brass  and  bronze,  and  it  has  been 
found  that  whether  the  furnace  is  tightly  sealed  or  operating  with  an  entirely 
open  vent,  the  difference  in  percentage  of  oxygen  in  the  atmosphere  is 
within  the  limits  of  experimental  error.  Apparently  there  is  no  differ- 
ence. I  do  not  mean,  of  course,  with  the  door  wide  open,  but  with  a 
wide-open  spout.  The  atmosphere  inside  the  furnace  consists  of  nitro- 
gen and  carbon  monoxide,  practically  nothing  else.  If  the  furnace 
is  tightly  sealed — and  leaving  aside  for  the  moment  the  possible  effect 
of  zinc  vapor  or  anything  of  that  kind  that  may  give  added  pressure — 
the  pressure  of  carbon  monoxide  amounts  to  only  a  few  ounces. 

Carbon  monoxide  will  dissolve  in  pure  copper  in  the  neighborhood  of 
2200°  F.  Copper  heated  below  that  point  does  not  show  pronounced 
gasification;  copper  melted  above  that  point  does  show  gasification, 
which  is  due  to  carbon  monoxide.  But  when  heated  to  2200°  and 
allowed  to  cool  to  about  2100°,  copper  does  not  show  gasification; 
this  is  true  regardless  of  whether  the  furnace  is  operated  with  a  tightly 
sealed  spout  or  is  well  vented. 

The  quantitative  effect  of  carbon-monoxide  pressure  I  know  nothing 
about;  I  cannot  state  what  it  may  be  other  than  is  indicated  by  the  experi- 
ence I  have  just  mentioned,  which  perhaps  is  somewhat  incon- 
clusive. But  I  do  not  think  perfectly  venting  the  furnace  will  result  in  an 
oxidizing  atmosphere. 

Verne  Skillman,  Detroit,  Mich. — I  cannot  conceive  of  running 
a  brass  furnace  under  really  oxidizing  conditions  and  do  not  want  to  say 

*  Service  Manager,  Detroit  Electric  Furnace  Co. 
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whether  it  is  good  practice  or  bad.  With  a  complete  covering  of  flux 
I  can  see  where  we  could  possibly  use  an  oxidizing  atmosphere;  but  what 
would  be  the  effect  of  running  an  oxidizing  atmosphere  in,  say,  a 
Simplex  furnace,  melting  a  bearing  bronze  containing  5  per  cent,  tin  and 
30  per  cent,  lead,  heating  up  to  2200°  or  so,  and  pouring  car  brasses 
at  1800°.  How  many  would  be  willing  to  run  that  alloy  under  oxidizing 
conditions?  I  would  not  want  to  be  responsible  for  all  the  results 
that  would  possibly  be  obtained. 

I  do  not  believe  that  it  makes  much  difference  if  the  spout  of  an  elec- 
tric furnace  is  open  or  closed  during  melting;  our  practice  is  to  have  it 
partly  open  to  relieve  the  pressure.  If  we  do  not  relieve  the  pressure, 
it  relieves  itself  through  the  electrode  openings,  heating  the  electrodes 
around  the  openings  and  causing  trouble  there. 

Wm.  B.  Price,  Waterbury,  Conn. — We  were  melting  1-ton  copper 
billets  in  the  Bennett  electric  furnace,  using  absolutely  no  flux.  Later, 
a  microscopic  examination  of  the  billets  showed  no  evidence  of  any 
cuprous  oxide,  but  the  billets  were  full  of  gas  holes,  in  some  cases  small, 
in  others  large.  In  running  the  furnace,  we  had  some  trouble  with  the 
electrodes,  so  that  the  copper  was  unavoidably  superheated.  My 
recollection  is  that  the  copper  was  heated  to  about  1400°  C.  To  repair 
the  electrodes,  it  was  necessary  to  withdraw  them  from  the  bath;  and  to 
assist  in  cooling  down  the  furnace,  the  charging  door  was  opened  so  that 
the  molten  copper  was  exposed  for  over  an  hour,  and  was  cooled  to  a  rela- 
tively low  temperature.  The  copper  billet  poured  from  this  particular 
heat,  weighing  a  ton,  was  absolutely  sound  from  one  end  to  the  other, 
and  showed  no  porosity  or  evidence  of  cuprous  oxide. 

We  were  not  able  to  duphcate  this  billet  because  we  tore  down  that 
particular  furnace.  Samples  of  the  copper  were  sent  to  the  Bureau  of 
Standards  and  gas  analyses  made,  which  showed  nitrogen,  carbon 
dioxide,  and  carbon  monoxide  to  be  present.  Unfortunately,  the 
Bureau  had  some  trouble  with  its  vacuum  furnace  and  has  not  been 
able  to  complete  its  analyses.  I  have  always  thought  the  reason  for  the 
very  sound  billet  was  that  it  was  superheated  and  held  at  the  proper 
heat  in  much  the  same  way  that  steel  is  held  in  the  ladle,  which  gave  a 
chance  for  the  expulsion  of  certain  gases  and  an  oxidizing  atmosphere, 
which  resulted  in  a  sound  billet  with  the  proper  pitch. 

Bruno  Wotski. — We  use  an  oxidizing  atmosphere  in  preference  to 
a  neutral,  because  the  latter,  though  the  proper  kind  of  atmosphere 
to  use,  is  too  difficult  to  maintain  in  practice.  A  strongly  oxidizing 
atmosphere  is  not  essential,  except  where  the  molten  metal  is  extremely 
sensitive  to  free  hydrocarbons;  then  it  is  necessary  to  insure  rapid 
and  complete  combustion.     We  aim  at  a  complete  covering  of  the  molten 
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bath  by  means  of  mineral  fluxes,  but  from  the  nature  of  some  alloys  this 
is  not  essential. 

The  results  of  an  oxidizing  atmosphere  are  sound  castings.  Tin 
sweat  and  gas  absorption  are  completely  avoided,  while  with  some  alloys, 
for  instance  aluminum  bronze,  it  is  impossible  to  prevent  gas  absorption 
in  a  reducing  atmosphere.  The  detrimental  effect  of  free  hydrocarbons 
is  illustrated  by  our  experience  with  the  Bailey  furnace,  in  which  the 
resister  trough  is  constructed  by  means  of  wooden  forms.  Before  any 
metal  is  charged  these  forms  must  be  burnt  out;  if  these  forms  are  not 
completely  burned  and  we  melt,  say,  a  90-10  bronze,  we  are  sure  to  have 
tin  sweat. 

Under  no  circumstances  do  we  use  a  reducing  atmosphere.  Melting 
with  a  reducing  fire  is  slow  and  we  know  that  most  foundries  are  using 
oxidizing  fires  for  this  reason  and  are  getting  good  results. 

W.  M.  Corse,  Washington,  D.  C. — Some  similar  work  on  induction 
furnaces  might  help  settle  this  question,  as  this  type  of  furnace  probably 
has  as  nearly  a  neutral  atmosphere  as  any  we  can  secure. 

N.  K.  B.  Patch,*  Buffalo,  N.  Y. — As  the  authors  have  said,  the 
objective  is  to  have  as  nearly  neutral  an  atmosphere  as  possible 
but  rather  on  the  oxidizing  side,  the  thought  being  that  with  a 
reducing  atmosphere,  the  hydrocarbons  from  the  fuel,  if  fuel  oil  is 
used,  or  CO  in  the  case  of  an  electric  furnace,  are  not  oxidized,  so  that 
they  are  soluble.  Whereas,  if  they  are  oxidized  by  the  slightly  oxidizing 
atmosphere,  the  tendency  to  absorb  such  gases  is  obviated  due  to  the 
fact  that  such  fully  oxidized  gases  are  not  soluble. 

In  the  induction  furnace,  the  condition  is  different.  The  tempera- 
ture of  the  metal  is  produced  by  heat  within  and  the  action  of  the 
atmosphere  can  be  almost  entirely  neutralized  by  a  simple  covering 
of  flux;  so  that  the  effect  of  the  atmosphere  under  such  circumstances 
is  an  almost  diametrically  different  problem  from  the  one  with  the 
furnaces  tried. 


*  Secretary  and  Works  Manager,  Lumen  Bearing  Co. 
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Temperature  Problems  in  Foundry  and  Melting  Room 

(New  York  Meeting,  February,  1922) 

John  P.  Goheen,*  Philadelphia,  Pa. 

Considerable  work  has  been  done  in  developing  a  pyrometer  to 
measure  the  temperature  of  molten  brasses,  bronzes,  and  aluminum  in 
the  crucible.  On  account  of  the  high  melting  points  and  the  amount  of 
zinc  and  sulfurous  fumes  given  off  from  molten  brasses,  the  conditions 
are  somewhat  severe  for  a  thermocouple  of  standard  design;  but  satis- 
factory results  are  obtained  with  a  portable  pyrometer,  3  ft.  (0.9  m.) 
of  connecting  lead  wire,  and  a  special  5-ft.  nickel-nickel  chromium 
thermocouple,  composed  of  rods  3^  in.  (6.35  mm.)  in  diameter.  The 
lower  12  or  24  in.,  as  desired,  may  be  made  detachable  so  that  new  tips 
may  be  connected  at  httle  trouble  or  expense.  The  portable  instrument 
need  not  be  of  the  extreme  high-resistance  type,  as  the  movable  parts  of 
the  galvanometer  of  a  lower  resistance  instrument  may  be  better  con- 
structed to  withstand  the  continuous  handling  such  an  instrument  receives. 
Platinum-platinum  rhodium  thermocouples,  protected  with  porcelain 
and  graphite  tubes,  have  been  used,  but  the  lag  in  registering  the  tem- 
perature is  too  great. 

It  has  been  found  that  the  range  of  temperature  for  various  brasses 
is  as  follows: 

Red  brasses 2200-2250°  F.  (1205-1234°  C.) 

Yellow  brasses 2250-2400°  F.  (1234-1318°  C.) 

Bronzes 2300-2550°  F.  (1260-1400°  C.) 

A  recent  test  with  a  portable  pyrometer  having  a  range  of  2600°  F. 
with  a  bare  3^-in.  heavy  exposed  couple  5  ft.  long  and  a  handle  attached 
at  the  upper  end  showed  that  the  temperatures  of  molten  aluminum  under 
varying  conditions  in  an  oil-fired  crucible  furnace  and  one  of  the  Simplex 
type  were  as  follows: 

Crucible,  Oil-fired  Fdrnace        Simplex  Furnace 

Temperature  of  metal  in  furnace 1540°  F.  (837°  C.)  1530°  F.  (834°  C.) 

Temperature  in  ladle  after  skimming  at 

furnace 1480°  F.  (805°  C.)  1440°  F.  (784°  C.) 

Temperature  in  ladle  after  skimming  at 

floor  near  mold 1440°  F.  (784°  C.)  1430°  F.  (778°  C.) 

*  Secretary,  Brown  Instrument  Co. 
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A  test,  in  a  crucible  furnace,  of  a  special  automobile  aluminum  gave 
the  following  temperatures: 

Temperature  of  metal  in  furnace 1305°  F. 

Temperature  in  ladle  after  skimming  at  furnace 1295°  F. 

Temperature  in  ladle  after  skimming  at  floor  near  mold 1280°  F. 

It  will  be  noted  that  the  temperature  of  the  metal  in  the  first  two  tests 
dropped  100°  F.  before  the  time  of  pouring.  In  the  third  test,  the  larger 
crucible  and  shorter  carrj-ing  distance  prevented  as  great  a  drop  as  in 
the  other  tests.  Therefore,  to  insure  consistent  pouring  temperatures, 
the  temperature  at  the  furnace  and  the  distance  to  the  molds  must  be 
regulated.  The  size  of  the  crucible  also  must  be  considered,  as  a  much 
slower  rate  of  cooling  prevails  with  the  larger  crucible  of  metal.  It  is 
possible  to  estabHsh  a  melting-point  temperature  that  will  assure  correct 
consistency  of  the  metal  at  the  mold. 

Pyrometer  Equipment  for  Electric  Brass-melting  Furnace 

A  permanently  installed  electric  pyrometer  may  be  placed  on  electric 
brass-melting  furnaces  and,  if  desired,  an  actual  record  secured  of  each 
heat.  This  shows  the  temperature  at  which  each  melt  was  made  and 
also  the  time  interval.  The  equipment  developed  for  this  purpose 
consists  of  a  60-day  continuous  recording  pyrometer  of  the  latest  high- 
resistance  type  with  chart  range  0-2400°  F.  A  record  line  is  produced  on 
this  chart  by  means  of  a  moving  carbon  ribbon  so  that  a  non-smearing 
permanent  record  is  secured. 

The  thermocouple  consists  of  extra  heavy  }''i-in.  nickel-nickel  chro- 
mium rods,  similar  to  those  used  mth  portable  pyrometers,  but  perma- 
nently installed.  These  heavy  ^^^-in.  thermocouples  are  protected  against 
the  severe  gases  by  heavy  porcelain  tubes,  which  in  turn  are  inserted  in 
firebrick  tubes  closed  at  one  end. 

Compensating  leads  carry  the  cold  end  of  the  thermocouple  away  from 
the  effect  of  the  radiated  furnace  heat.  These  compensating  leads  may 
be  extended  to  a  cold-end  well  several  feet  in  the  ground  or  direct  to  a 
recording  pj^rometer.  While  the  temperature  of  the  molten  metal  may 
reach  2450°  to  2550°,  the  thermocouple,  flush  with  the  furnace  lining, 
shows  a  relative  temperature  of  the  gases  above  the  metal  Hne. 

Platinum-platinum  rhodium  thermocouples  were  tried  but  the  tilting 
of  the  furnace  when  pouring  caused  the  lighter  gauge  wire  to  break. 
Besides,  the  gases  caused  cr3^stalHzation.  The  nickel-chromium  as  well 
as  the  platinum-rhodium  thermocouple  must  be  carefully  protected  to 
resist  a  zinc-oxide  precipitation  from  the  fumes  of  the  brass  at  time  of 
pouring. 
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Special  Equipment  for  Brazing  Brass 

In  the  manufacture  of  bow  sockets  for  automobile  use,  the  difficulty 
of  brazing  the  socket  was  overcome  when  the  temperatures  in  the  furnace 
and  the  effect  of  air  drafts  in  recharging  the  furnaces  were  regulated. 
A  specially  designed  furnace  with  two  burners  directly  opposite  the 
position  of  the  sockets  to  be  brazed  was  used,  giving  very  close  regu- 
lation. Ten  to  fifteen  sockets  at  the  ends  of  the  hollow  tubes  were 
placed  in  this  furnace  at  a  time.  To  determine  the  relative  flame  tem- 
perature and  brazing  temperature,  the  following  equipment  was  used: 

A  duplex  recording  pyrometer  having  a  chart  divided  into  two  sec- 
tions was  installed  near  the  furnaces.  Two  18-in.  platinum-platinum 
rhodium  thermocouples  in  fused-sihca  quartz  tubes  were  connected  to 
the  recorder,  using  compensating  leads  direct  to  the  recording  instru- 
ment. One  of  the  thermocouples  was  inserted  in  the  hollow  tube  close 
to  the  eyelet  of  the  socket  to  be  brazed,  a  mixture  of  borax  and  brass 
fiHngs  having  been  poured  down  the  tube  as  a  flux.  It  was  found 
that  the  actual  temperature  of  the  furnace  and  of  the  couple  were  very 
close.  The  thermocouple  was  then  removed  from  the  tube  and  perma- 
nently located  just  to  one  side  of  the  other  burner,  so  that  the  hot  end  was 
in  immediate  juxtaposition  to  the  sockets.  It  was  found  that  a  window 
immediately  above  the  furnace,  when  open,  permitted  the  air  to  be  drawn 
through  the  opening  of  the  furnace;  an  asbestos  curtain  was  installed  to 
prevent  this. 

The  two  galvanometer  systems  of  several  hundred  ohms  resistance, 
one  for  each  section  of  chart,  are  mounted  in  a  gray-iron  casting,  machined 
and  enameled.  As  the  thermocouples  are  connected  by  wire  directly 
to  each  electrical  system,  there  are  no  rotating  switches  to  develop  poor 
contact.  A  special  8-day  clock  drives  the  chart  rolls  as  well  as  the 
few  mechanical  parts  for  depressing  the  pointer  momentarily  to  the 
chart  paper.  A  continuous  roll  of  carbon  ribbon  produces  a  non-smear- 
ing dot  every  30  sec,  which  permits  the  shghtest  change  in  tempera- 
ture to  be  shown.  Thermocouples  of  base  metal  or  rare  metal  may 
be  used. 

The  durabiUty  of  the  thermocouples  depends  greatly  on  the  type  of 
protecting  tube  selected.  In  galvanizing  tanks,  using  a  high  percentage 
of  zinc,  considerable  difficulty  has  been  experienced  in  procuring  a  tube 
that  will  withstand  the  action  of  the  zinc.  Recently  a  test  was  made 
of  nine  types  of  tubes,  closed  at  one  end,  installed  in  a  galvanizing 
bath  containing  99  per  cent.  zinc.  After  two  months  continuous  immer- 
sion, all  but  two  of  the  tubes  were  entirely  eaten  through  by  the  action 
of  the  zinc.  One  of  the  two  remaining  tubes  was  of  wrought  iron  with 
extra  heavy  wall;  the  other  was  a  Resisteat  tube  composed  of  a  high  chro- 
mium-iron alloy.     The  wall  of  the  wrought-iron  tube  was  quite  thin,  but 
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the  Resisteat  tube  showed  very  Httle  effect  and  would  likely  hold  up  for 
several  months  longer.  Tubes  of  a  nickel  alloy  rapidly  gave  out  under 
the  action  of  the  spelter. 

By  a  shght  modification  of  the  indicating  pyrometer,  a  set  of  contacts 
may  be  inserted  into  the  instrument  so  that  by  colored  lights  above 
each  tank  the  foreman  can  tell  at  a  glance  just  which  tanks  are  correct 
and  which  may  require  some  adjustment.  By  the  substitution  of  a 
relay  and  valve  mechanism,  the  temperature  of  the  tank  or  kettle  may 
be  automatically  controlled. 

Core-oven  Temperature  Control 

It  was  formerly  common  practice  largely  to  disregard  the  preparation 
and  systematic  drjdng  of  the  core,  yet  spongy  castings  due  to  blowholes 
or  green  cores  were  the  bane  of  the  foundry  men.  Modern  core-oven 
equipment  and  careful  temperature  regulation  have  contributed  to  the 
betterment  of  the  casting  shop.  Probably  the  most  largely  used  tempera- 
ture recorder  on  core  ovens  is  the  long-distance  recording  thermometer. 
One  of  these  instruments  should  be  used  for  each  oven  so  that  a  continu- 
ous record  of  each  may  be  secured.  Different-sized  cores  require  a 
different  drying  temperature  and  a  longer  time  interval.  With  records 
available,  it  can  soon  be  ascertained  what  time  and  temperature  will 
be  needed  for  the  average  sizes  of  cores  the  shop  will  be  required  to 
handle. 

The  equipment  would  consist  of  a  recording  instrument  of  the  cir- 
cular-chart type,  clock-driven,  actuated  by  a  bulb  containing  a  nitrogen 
gas.  Bronze  or  steel  armored  tubing  is  used  to  connect  the  bulb  with 
the  instrument,  which  if  advisable  may  be  located  150  ft.  (45  m.)  away. 
The  temperature  limits  for  core  drjang  Ue  between  300°  F.  and  600°  F. 
(150°  and  315°  C.)  so  that  a  chart  range  50-600°  F.  or  50-800°  F.  will 
answer  every  requirement.  The  bulbs  are  usually  suspended  through 
the  tops  of  the  ovens  and  kept  in  position  by  either  a  flange  or  metal 
strapping.  The  armored  flexible  tubing  should  not  be  extended  into 
the  oven  when  the  temperature  exceeds  200  or  300°  F.  Under  conditions 
necessitating  the  installation  of  the  flexible  armored  tubing  part  way 
through  the  oven,  soHd  copper  or  steel  tubing  should  be  used. 

Another  efficient  form  of  temperature-measuring  equipment  is  a 
central-station  indicating  electric  pyrometer.  A  thermocouple  of  special 
sensitive  construction  is  installed  in  each  oven  and  connected  by  wiring  to 
the  central-station  switch.  One  or  more  recording  pyrometers  may  also 
be  connected  through  a  plug-type  switch,  each  plug  representing  an  oven. 
In  this  way  records  may  be  made  of  any  equal  number  of  ovens.  Burned 
cores  as  well  as  green  cores  may  be  avoided  by  proper  temperature 
regulation  of  the  ovens. 
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Value  of  Annealing 

In  rolling  brass,  it  is  necessary  to  re-anneal  several  times  before  the 
product  is  ready  for  the  warehouse.  Electric  pyrometers  give  indisput- 
able evidence  that  the  brass  has  been  given  the  correct  treatment.  The 
furnaces,  usually  18-20  ft.  long,  are  loaded  with  the  rolls  of  brass  sheets 
and  annealed  to  a  predetermined  temperature  to  produce  soft  or  annealed 
brass  as  required.  At  least  two  thermocouples  should  be  installed 
through  the  crown  of  each  furnace  near  either  end.  The  duplex  record- 
ing instrument  may  be  installed  near  each  furnace  or  a  central  pyrometer 
house  may  be  built,  so  that  better  protection  will  be  given  the  recording 
instruments.  Rapid  strides  have  been  made  in  the  application  of 
pyrometers  for  this  work.  The  future  will  probably  disclose  many 
greater  developments  in  simphfjang  the  time  and  temperature  control 
of  anneahng  processes. 

Automatic  temperature  control  is  being  applied  on  nearly  all  heat- 
treating  processes.  An  automatic  control  combined  with  an  advancing 
time  and  temperature-schedule  mechanism  will  place  furnace  operations 
in  the  future  on  a  more  nearly  automatic  basis. 
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Core-oven  Tests 

By  F.  L.  Wolf*  and  A.  A.  Grubb,!  Mansfield,  Ohio 

(Rochester  Meeting,  June,  1922) 

The  tests  here  described  were  made  to  obtain  information  regarding 
costs,  efficiency,  etc.  of  baking  cores  in  an  oil-fired  oven  and  two  electric 
ovens,  which  were  installed,  early  in  1920,  in  the  core  room  of  The  Ohio 
Brass  Co.  and  were  used  almost  continuously  during  the  rest  of  that  year. 
Operating  costs  were  rather  high  so  a  complete  test  was  undertaken 
early  in  1921. 

The  ovens  will  be  referred  to  as  Nos.  1,  2,  and  3.  Nos.  1  and  2  are 
electric  ovens  of  different  makes  while  No.  3  is  an  oil-fired  oven 
made  by  the  firm  that  made  No.  2.  The  three  are  equipped  with 
similar  ventilating  devices.  They  have  full-height  doors  at  front  and 
rear.  The  cores  are  placed  on  iron  racks,  which  are  lifted  by  Cowan 
trucks  and  rolled  into  the  ovens  through  the  front  doors.  When  baked, 
they  are  removed  through  the  rear  doors.  Fig.  1  shows  the  general  plan 
of  the  electric  ovens  while  Fig.  2  shows  the  plan  of  the  oil-fired  oven. 

Oven  No.  1  is  91  in.  (231  cm.)  wide,  83  in.  (210  cm.)  high,  and  79  in. 
(200  cm.)  deep,  inside  measurements.  The  walls  are  constructed  in 
panels  about  18  in.  (46  cm.)  wide  and  4^{6  in-  (10.6  cm.)  thick,  packed 
with  blocks  of  insulating  material  and  covered  with  sheet  iron.  The 
concrete  floor  on  which  the  ovens  set  is  13  in.  (33  cm.)  thick.  A  recess 
about  5  in.  (13  cm.)  deep  was  cut  in  the  floor  to  provide  room  for  the 
heating  units.  Channels  and  plates  supported  on  I  beams  serve  as 
supports  for  the  trucks  and  racks. 

The  ventilating  system  consists  of  a  Sirroco  No.  1^  fan,  connected 
so  as  to  draw  air  from  the  top  of  the  oven  or  from  the  room,  through 
damper  C,  and  to  dehver  it  either  to  the  bottom  of  the  oven  or  to 
the  floor;  the  dehvery  is  controlled  by  the  vane  A.  The  fan  and  pipes 
are  covered  with  ^-i-in-  (6.3  mm.)  asbestos-cement  lagging. 

The  heating  units  have  a  capacity  of  94.4  kw.  and  are  located  along 

*  Technical  Superintendent,  The  Ohio  Brass  Co. 
t  Director  of  Laboratory,  The  Ohio  Brass  Co. 
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the  sides  and  in  the  floor.     The  temperature  is  controlled  by  a  "Tycos" 
thermostat;  there  is  also  a  glass  thermometer  on  one  of  the  doors. 

The  inside  dimensions  of  oven  No.  2  are  each  about  1  in.  (2.5  cm.) 
shorter  than  those  of  No.  1.  The  walls  are  2^q  in.  thick  and  built  of  2 
in.  of  asbestocel  covered  on  each  side  with  H  in.  of  Firefelt  and  sheet 
iron.  The  heating  units  are  of  the  same  capacity  and  are  located  in  the 
same  manner  as  in  oven  No.  1.  The  ventilating  system  and  temperature 
control  are  also  the  same. 

Oven  No.  3  is  102  in.  (259  cm.)  wide,  85  (216  cm.)  high,  and  78  in. 
(198  cm.)  deep,  inside  measurements.  The  wall  construction  is  the 
same  as  in  oven  No.  2;  the  floor  is  of  >^-in.  (12.7  mm.)  steel  plate  laid  on 
the  concrete  floor.  There  are  two  combustion  chambers,  one  on  each 
side  of  the  doors;  they  are  21  in.  (23  cm.)  high,  21  in.  wide,  and  extend 
the  length  of  the  oven.  There  are  several  openings  along  the  side  to 
permit  hot  gases  to  pass  into  the  oven.  An  Anthony  ^-in.  high-pressure 
burner  is  located  at  the  front  of  each  combustion  chamber.  Fuel  oil  is 
supphed  at  a  pressure  of  about  70  lb.  and  air  at  about  60  lb.  The  venti- 
lating system  is  similar  to  that  of  the  other  two  ovens;  the  recirculated 
air,  however,  is  dehvered  about  3  in.  above  the  combustion  chambers  on 
each  side  and  directed  toward  the  middle  of  the  oven.  Sheet  iron  is 
supported  over  the  chambers  in  such  a  manner  as  to  direct  the  air  toward 
the  floor. 

The  oil-fired  oven  installation,  however,  was  by  no  means  ideal.  The 
structure  of  the  floor  and  supports  under  the  ovens  was  such  that  the 
location  of  combustion  chambers  under  the  surface  could  be  accomplished 
only  with  difficulty.  For  this  reason  we  adopted  the  present  system, 
which  has  not  proved  fully  satisfactory  and  is  to  be  reconstructed  in  the 
near  future. 

The  cores  baked  in  the  tests  were  the  regular  run  of  cores  used  in  our 
foundry.  They  consisted  largely  of  valve  bodies  up  to  3  in.  in  size, 
valve  fittings,  and  overhead-trolley  fittings.  They  varied  in  weight 
from  a  fraction  of  an  ounce  to  a  couple  of  pounds  but  averaged  about 
S}4  oz.  They  were  composed  of  lake  and  molding  sands  and  sand- 
blast dust  with  linseed  oil  and  a  small  quantity  of  glutrin  as  binder. 

Each  oven  was  carefully  studied  to  determine  the  best  method  of 
manipulation,  heat  absorption,  heat  losses,  etc.  Test  bakes  were  then 
made  and  analyzed  as  regards  heat  distribution  and  costs. 

A  Leeds  &  Northrup  potentiometer  and  seven  thermocouples  located 
at  various  points  in  and  about  the  oven  were  used  to  study  temperature 
distribution.  A  pitot  tube  was  placed  in  the  flue  to  measure  the  volume 
of  gases  passing  out.  Power  consumption  in  the  electric  ovens  was 
registered  by  kilowatt-hour  meters  and  an  especially  designed  oil- 
measuring  apparatus  was  used  to  measure  the  fuel-oil  consumption  in  the 
oil-fired  oven. 
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Electric  Ovens 

Radiation  and  Other  Unavoidable  Losses 

Under  this  heading  is  included  all  unavoidable  leakage  of  heat  that 
occurs  while  the  oven  is  closed  as  tight  as  is  practicable.  It  was  deter- 
mined by  saturating  the  oven  with  heat  at  the  average  baking  tempera- 
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Fig.  1. — Electric  core  oven. 


ture  (400°  F.  by  the  door  thermometer)  and  then  measuring  the  power 
required  to  maintain  that  temperature  with  the  oven  completely  closed. 
It  was  found  that  oven  No.  1  consumed  19.7  kw.  and  No.  2  consumed 
24.0  kw.  The  hottest  points  were  along  the  sides  of  the  ovens  directly 
in  front  of  the  heating  units,  while  the  coolest  points  were  near  the  floor. 
The  thermostat  was  set  to  "kick  in"  and  "kick  out"  within  10°  F.  but  a 
variation  in  temperature  of  40°  was  observed  at  points  directly  in  front 
of  the  heating  units,  indicating  that  much  heat  is  passed  to  the  cores  by 
direct  radiation. 
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Heat  Losses  Under  Operating  Conditions 

Inasmuch  as  operating  conditions  would  not  always  permit  the  oven 
to  be  entirely  closed,  it  was  thought  advisable  to  determine  the  heat 
losses  due  to  ventilation.  The  measurements  were  made  by  setting 
the  dampers,  fan,  etc.  as  desired  and  then  observing  the  power  consump- 
tion required  to  maintain  the  oven  at  baking  temperature.  The  power 
consumption  was  in  most  cases  greater  than  the  figure  observed  when 
the  oven  was  entirely  closed.  This  was  due  to  the  loss  of  hot  air 
through  the  flue  and  the  admission  of  cool  air  either  through  damper  C 
or  about  the  doors.  From  this  excess  loss,  the  change  in  temperature 
of  the  air  entering  and  leaving  the  oven,  and  the  specific  heat  of  air  we 
were  able  to  estimate  the  weight  of  air  passing  through  the  oven  per 
minute.  A  fair  check  on  several  of  these  determinations  was  obtained 
by  measuring  the  air  flow  in  the  flue  with  the  pit6t  tube,  thus  practically 
confirming  the  method  used  for  handling  the  heat  losses. 

Greater  uniformity  of  temperature  could  be  obtained  in  the  electric 
ovens  by  operating  the  fans  and  recirculating  the  air,  but  a  certain  amount 
of  hot  air  leaked  past  the  dampers  and  up  the  flue,  and  more  power  was 
consumed.  Under  these  conditions,  about  1.9  lb.  of  air  per  minute  passed 
through  oven  No.  1  and  22.5  kw.  were  consumed;  for  oven  No.  2  the 
figures  were  5.4  lb.  and  32.2  kw.,  respectively.  Evidently,  considerable 
air  was  supplied  to  the  cores  even  when  all  dampers  were  closed.  Upon 
setting  damper  A  partly  to  exhaust  and  partly  to  recirculate  the  air  the 
temperatures  were  less  uniform  and  much  more  power  was  consumed. 
When  the  damper  was  set  to  exhaust  the  air  up  the  flue,  the  power  con- 
sumption for  each  oven  was  about  40  kw.,  indicating  that  about  38  lb. 
of  air  were  being  drawn  through  the  ovens  each  minute. 

Heat  Absorption 

Tests  were  run  to  determine  the  quantity  of  heat  absorbed  by  each 
oven  in  coming  up  to  400°  F.  from  room  temperature.  The  absorption 
of  heat  continued  after  the  door  thermometer  registered  400°,  so  the 
power  absorbed  in  holding  this  temperature  was  measured  until  the 
outer  wall  temperature  reached  an  equilibrium,  indicating  that  the  walls 
were  saturated.  The  tests  were  run  with  the  ovens  entirely  closed. 
It  was  found  that  48.0  kw.-hr.  were  required  to  heat  oven  No.  1  from  room 
temperature  to  400°  F.  in  28.5  min.  An  equihbrium  was  not  reached, 
however,  until  3  hr.  later;  during  this  period  8.4  kw.-hr.  were  absorbed  in 
addition  to  the  19.7  kw.-hr.  required  each  hour  to  compensate  for  radia- 
tion loss.  Oven  No.  2  consumed  46.0  kw.-hr.  in  coming  from  room  tem- 
perature to  400°  F.  in  27  min.  As  in  the  case  of  No.  1,  equilibrium  was 
not  reached  for  about  3  hr.,  during  which  time  10.0  kw.-hr.  were  absorbed 
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in  addition  to  the  24.0  kw.-hr.  required  each  hour  to  compensate  for 
radiation  loss.  Oven  No.  2  required  slightly  less  power  and  rose  in  tem- 
perature slightly  faster  than  No.  1,  probably  on  account  of  its 'light 
construction.     Its  radiation  losses,  however,  were  greater. 

Bakes 

In  baking  cores,  the  electric  ovens  were  handled  as  follows:  They 
were  heated  to  at  least  450°  F.  and  the  loaded  racks  run  in;  this  caused  the 
temperature  to  drop  75°  to  100°.  The  power  was  left  on  until  the  door 
thermometer  indicated  425°,  when  it  was  cut  off  for  the  rest  of  the  bake, 
which  was  completed  in  from  60  to  70  min.  total  time.  Small  bakes  did 
not  require  the  operation  of  the  fan,  but  for  the  average  bake,  say  300 
lb.  and  larger,  the  fan  j-ecirculated  air  while  the  temperature  was  rising 
above  400°  F. 

Three  special  bakes  were  made  in  each  oven  in  an  effort  to  determine 
just  what  became  of  the  power  consumed.  Evidently  part  was  used  in 
heating  the  iron  racks,  plates,  etc.  from  room  temperature  to  the  tem- 
perature at  which  they  left  the  oven,  part  heated  the  air  that  entered  the 
oven  when  the  racks  were  put  in  and  taken  out,  part  heated  the  air  drawn 
through  the  oven  by  the  ventilating  system,  and  part  was  radiated,  while 
the  rest  was  probably  used  in  actually  baking  the  cores.  For  each  of  the 
test  bakes,  the  ovens  were  held  at  400°  before  putting  in  the  racks  and 
were  brought  back  to  400°  immediately  after  the  racks  were  removed. 
Time  was  measured  from  the  entrance  of  a  rack  until  the  temperature  was 
back  to  400°,  after  its  removal,  and  the  power  consumption,  heat  losses, 
etc.  over  the  same  period  were  considered.  Following  are  the  average 
figures  per  bake  for  each  oven: 

Oven  No.  1  Oven  No.  2 

Weight  of  cores,  net,  pounds 276 . 0  344 . 0 

Number  of  cores 1515.0  1591.0 

Weight  of  rack,  pounds 939.0  963.0 

Weight  of  plates,  driers,  core  wires,  etc., 

pounds 1113.0  979.0 

Time  in  oven,  minutes 71 .0  73.7 

Power  consumed,  kilowatt-hours 59 . 0  67 . 1 

Power  used  in  heating  iron  rack,  plates,  etc., 

kilowatt-hours.. 22.9  (or  39%)         21.0    (or  31  %) 

Power  used  in  heating  air  in  oven,  kilowatt- 
hours 1.7  (or    3%)  2.5    (or    4%) 

Power  lost  by  radiation,  etc.,  kilowatt-hours       24 . 7  (or  42  %)         31.8    (or  47  %) 
Power  used  in  baking  cores,  kilowatt-hours . .         9.7  (or  16  %)         11.8    (or  18  %) 
Power  used  per  100  lb.  of  cores,  kilowatt- 
hours 3.52  3.43] 

Total  power  per  100  lb.  of  cores,  kilowatt- 
hours 21.4  19.53 

Weight  of  cores,  per  kilowatt-hour,  pounds . .         4 .  57  5.13 
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It  should  be  noted  that  the  total  power  consumption  per  hundred 
pounds  of  cores  baked  was  lower  in  the  case  of  oven  No.  2  because  the 
cores  were  larger  and  heavier  loads  were  baked  at  a  time.  The  heat 
actually  used  by  the  baking  cores  was  practically  the  same  in  each  case. 

Oil-fired  Oven 

This  oven  was  more  difficult  to  operate  than  the  electric  ovens,  on 
account  of  the  nature  of  the  fuel  and  the  attendant  difficulties  in  ventila- 
tion and  in  heat  measurement,  so  the  results  were  not  as  uniform  as 


Plan  View  Ven+ila+ing  Sys+em 


Fig.  2. — Oil-fired  core  oven. 


desired.  The  fuel  oil  had  a  calorific  value  of  about  19,560  B.t.u.  per  lb.; 
it  was  calculated  that  the  available  heat  value  of  each  gallon  was  about 
138,800  B.t.u.,  which  is  equivalent  to  40.6  kw.-hr.  electric  energy.  The 
average  baking  temperature,  as  registered  on  the  door  thermometer, 
was  425°  F. 
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Radiation  and  Other  Unavoidable  Losses 

It  was  necessary  to  ventilate  the  oven  and  keep  the  fan  going  while 
the  burners  were  operating,  so  the  radiation  loss  could  not  be  determined 
by  the  method  used  with  the  electric  ovens.  The  method  used  consisted 
in  heating  the  oven  from  382°  to  470°  F.,  measuring  the  oil  consumption, 
then  shutting  off  the  burners,  closing  up  the  oven,  and  measuring  the 
time  required  for  the  temperature  to  return  to  the  original  reading. 
The  dampers  were  open  and  the  fan  was  exhausting  air  up  the  flue  while 
the  burners  were  operating,  so  the  fuel  consumption  necessary  to  balance 
the  losses  and  hold  the  temperature  at  425°  had  to  be  determined;  this 
was  found  to  be  1.83  gal.  per  hr.  To  heat  the  oven  from  382°  to  470° 
in  32  min.  2.18  gal.  of  oil  were  consumed;  the  heat  was  lost  by  radia- 
tion, etc.,  with  the  oven  closed,  in  99  min.  By  calculation,  it  was 
found  that  radiation  and  other  unavoidable  losses,  with  the  oven  com- 
pletely closed  and  at  a  temperature  of  about  425°  F.,  were  equivalent  to 
about  0.736  gal.  of  fuel  oil. 

Heat  Losses  Under  Operating  Conditions 

The  burners  operated  best  when  the  dampers  were  open  and  the  fan 
was  exhausting;  then  they  consumed  1.83  gal.  per  hr.  of  oil,  as  men- 
tioned. Attempts  were  made  to  obtain  a  more  uniform  temperature 
throughout  the  oven,  by  recirculating  part  of  the  gases  and  exhausting 
part,  by  closing  the  fresh-air  inlet  C  and  setting  damper  A  in  notch  3. 
This  did  not  interfere  seriously  with  the  operation  of  the  burners  when 
the  combustion  chambers  were  hot  and  resulted  in  a  lower  heat  loss; 
under  these  conditions  1.45  gal.  of  oil  were  consumed  per  hour.  Nothing 
was  gained,  however,  in  uniformity  of  temperature;  in  fact,  there  was 
more  variation.  When  the  attempt  to  recirculate  a  larger  proportion 
of  the  gases  was  made,  the  burners  gave  trouble.  Evidently,  consider- 
able ventilation  is  necessary. 

Heat  Absorption 

About  5  gal.  of  oil  were  required  to  bring  the  oven  from  room  tem- 
perature to  450°  F. ;  this  was  accompHshed  in  about  50  minutes. 

Bakes 

Considerable  trouble  was  experienced  in  obtaining  a  uniform  bake, 
as  the  heat  issuing  from  the  vents  in  the  combustion  chamber  struck  the 
cores  and  burnt  those  near  the  edges  of  the  racks  while  others  farther 
in  were  green.  Bricks  were  removed  from  the  upper  course,  at  intervals 
of  about  1  ft.,  and  iron  sheets  placed  so  that  the  air  from  the  ventilating 
pipes  was  directed  down  over  the  edge  of  the  chamber  and  up  through 
the  racks  and  cores.     The  fan  was  set  to  exhaust  and  all  dampers  were 
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open  during  the  early  part  of  the  bake;  but  it  was  found  advantageous  to 
close  damper  C  and  partly  recirculate  during  the  latter  part  of  the  time 
when  the  burners  were  on.  When  the  temperature,  as  shown  by  the 
door  thermometer,  reached  450°  F.,  the  burners  were  shut  and  the  oven 
was  completely  closed. 

Three  bakes  were  made  and  analyzed  as  in  the  other  tests;  the  aver- 
ages of  the  results  obtained  were  as  follows : 

Weight  of  cores,  net,  pounds 227 . 0 

Number  of  cores 691 . 0 

Weight  of  rack,  pounds -  938 . 0 

Weight  of  plates,  driers,  core  wires,  etc.,  pounds.  .  1240.0 

Time  in  oven,  minutes 77 . 3 

Fuel  consumed,  gallons 2 .  534 

Fuel  used  in  heating  iron  rack,  plates,  etc.,  gallons . .  0 .  644  (or  25  %) 

Fuel  used  in  heating  air  in  oven,  gallons 0 .  581  (or  23  %) 

Fuel  lost  by  heat  radiation,  gallons 1 .033  (or  41  %) 

Fuel  used  in  baking  cores,  gallons 0.276  (or  11  %) 

Fuel  used  per  100  lb.  of  cores,  gallons 0. 122 

Total  fuel  used  per  100  lb.  of  cores,  gallons 1.12 

Uniformity  of  Bakes  in  the  Three  Ovens 

This  test  was  run  simultaneously  in  the  three  ovens,  so  as  to  make  it 
strictly  comparable.  Thirty-nine  plates  of  test  cores,  five  cores  on  each 
plate,  were  made  from  the  same  batch  of  core  sand.  Thirteen  plates 
were  placed  on  each  of  three  racks  together  with  the  regular  loads  of  cores; 
one  was  placed  on  each  corner  of  the  upper,  middle,  and  lower  shelves 
and  the  other  in  the  center  of  the  middle  shelf.  The  racks  were  then  put 
into  the  ovens  and  baked  under  the  best  conditions  we  could  obtain. 
The  cores  were  then  broken  on  a  Wadsworth  core-testing  machine 
and  the  average  strength  of  each  plate  was  determined.  Following  are 
the  results: 

Oven  No.   1  Oven  No.  2  Oven  No.  3 

Lb.  per  Sq.  In.     Lb.  per  Sq.  In.     Lb.  per  Sq.  In. 

Maximum  Strength 57.0  58.0  52.0 

Minimum  strength 42.0  38.0  28.0 

Average  strength 49.8  48.4  42.7 

Maximum    deviation    from    average, 

percent 16.0  21.0  34.0 

The  cores  on  the  lower  shelf  of  oven  No.  3  were  overbaked  by  the  hot 
gases  issuing  from  the  combustion  chambers:  this  difficulty  was  experi- 
enced in  nearly  all  the  bakes  in  this  oven.  After  sheets  of  metal  were 
placed  on  the  edge  of  the  second  shelf,  so  as  to  protect  the  lower  shelf, 
none  of  the  cores  were  burned  but  a  few  in  the  center  came  out  a 
trifle  green. 

The  test  was  then  repeated  using  only  the  upper  and  middle  shelves 
of  ovens  Nos.  1  and  3;  following  are  the  results: 


Oven  No. 
Lb.  peb  Sq. 

1 

In. 

Oven  No.  3 
Lb.  FEB  Sq.  In, 

57.0 

50.0 

47.0 

33.0 

50.3 

44.8 

13.0 

26.0 
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Maximuin  strength 

Minimum  strength 

Average  strength 

Maximum  deviation  from  average,  per  cent 

The  tests  indicate  that  greater  uniformity  can  be  obtained  in  the 
electric  ovens  and  the  cores  are  probably  a  little  stronger  than  in  the 
oil-fired  oven. 

Comparison  of  Ovens 

The  analyses  of  bakes  given  are  not  directly  comparable  because  racks 
of  different  weights  and  batches  of  cores  of  different  size  and  weights 
were  used.  The  figures  below  show  an  average  bake  and  the  heat  con- 
sumption based  on  such  a  bake.  They  are,  therefore,  a  fair  comparison 
of  the  three  ovens. 

Oven  No.  1       Oven  No.  2      Oven  No.  3 

Heat  used  in  bringing  oven  from  room  tempera- 
ture to  baking  condition,  B.t.u 192,700  191,200  694,000 

Heat  radiated  (or  lost)  while  oven  is  closed  as 
tightly  as  possible  and  held  at  baking  tem- 
perature, B.t.u.  per  hour 67,200  81,900  102,000 

Heat  lost  and  radiated  by  oil-fired  oven  while 
maintaining  baking  temperature,  burners  on, 
fan  recirculating,  dampers  open,  B.t.u.  per 
hour 201,000 

Average  strength  of  test  cores  baked  at  various 
points  in  oven,  pounds 49 . 8  48 . 4  42.7 

Uniformity:  maximum  deviation  from  average 

strength,  per  cent 16.0  21.0  34 . 0 

Average  bake,  taken  same  for  the  three  ovens: 

Weight  of  iron  rack,  pounds 946 

Weight  of  plates,  driers,  etc.,  pounds 1,111 

Weight  of  core,  net,  pounds 282 

Average  weight  of  cores,  gross,  ounces 3.6 

Oven  No.  1  Oven  No.  2  Oven  No.  3 

Heat  consumption  for  average  bake  as  above,  B.t.u. 

For  heating  rack 36,300  36.300  36,300 

For  heating  plates,  driers,  etc 42,600  42.600  42.600 

For  heating  air  in  oven 6,700  8.500  80.600 

Radiation  and  other  unavoidable  losses..               84.500  108,200  143,200 

For  baking  cores 33,900  33.000  47.700 

Total 203,000  228,600  350,400 

Costper  1000  B.t.u.,  cents 0.8052  0.8052  0.0804 

(2.75c.  per  kw-hr.)  (2.75c.  per  kw.-hr.)    (11.14c.  per  gal.) 
Cost  distribution  for  average  bake 

For  heating  rack $0,290  $0,290  $0,029 

For  heating  plates,  driers,  etc 0 .  343  0 .  343  0 .  034 

For  heating  air  in  oven 0.046  0.068  0.065 

Radiation  and  other  unavoidable  losses . .                0.681  0.872  0.115 

For  baking    cores 0.273  0i266  ^^^ 

Total $1,633  $1839  $0,281 
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The  factors  other  than  cost  of  power  or  fuel  that  must  be  considered 
in  comparing  the  ovens  are  uniformity  and  quaHty  of  bake,  together  with 
labor  requirements  for  operation.  The  figures  given  show  that  more 
uniform  bakes  were  obtained  in  the  electric  ovens.  Work  was  rather 
slow  in  the  core  room  when  the  tests  were  made,  so  cores  varying  greatly 
in  size  were  baked  together  on  the  same  rack.  Fairly  uniform  bakes, 
however,  were  obtained  in  oven  No.  1  but  trouble  was  experienced  in  the 
oil-fired  oven.  Even  when  cores  of  uniform  size  were  put  on  the  rack, 
there  was  a  tendency  to  burn  those  on  the  outer  edges  of  the  lower  shelf 
while  those  in  the  middle  were  green.  Sheets  of  metal  hung  so  as  to 
protect  this  shelf  from  the  direct  heat  failed  to  remedy  the  condition 
entirely,  so  we  quit  using  the  lower  shelf  of  the  racks  baked  in  this  oven. 
Fairly  uniform  bakes  were  then  obtained. 

Core  losses  in  ovens  Nos.  1  and  3  were  observed  for  comparison.  Of 
27,000  cores  observed,  0.05  per  cent,  of  those  baked  in  the  electric  oven 
were  burned  and  none  came  out  green,  while  1.95  per  cent,  of  those  baked 
in  the  oil-fired  oven  were  burned  and  2.14  per  cent,  came  out  green. 
This  amounted  to  a  loss  of  30  or  40  cents  on  an  average  for  each  rack 
baked  in  the  oil-fired  oven  against  less  than  1  cent  for  the  electric  oven. 

The  labor  requirements  for  the  oil-fired  oven  were  much  greater 
than  for  the  electric  ovens.  The  burners  operated  on  high-pressure  air 
and  oil  and  required  considerable  attention  to  obtain  the  proper  mixture 
for  a  clean  hot  flame;  slight  variations  in  pressure  frequently  extinguished 
the  flames.  On  the  other  hand,  the  thermostat  on  the  electric  oven  could 
be  set  to  "kick  out"  at  the  desired  temperature  and  little  attention  was 
required;  in  fact,  racks  of  cores  were  baked  with  no  attention  being 
given  the  oven  from  the  time  the  rack  was  run  in  and  the  power  turned 
on  until  within  a  few  minutes  before  it  was  removed.  One  man  could 
handle  seven  or  eight  electric  ovens  while  the  same  labor  could  handle 
not  more  than  three  oil-fired  ovens  of  the  tj'pe  installed.  At  the  wage 
paid  to  the  oven  tender,  this  made  a  difference  in  tending  cost  of  between 
15  and  20  cents  per  bake  in  favor  of  the  electric  oven. 

The  noise  and  smoke  from  the  oil-fired  oven  are  also  worthy  of  con- 
sideration. With  two  burners  going,  it  was  almost  impossible  to  con- 
verse in  the  core  room.  Although,  when  properly  regulated,  smokeless 
flames  can  be  obtained  from  the  oil  burners,  some  smoke  is  almost  certain 
to  be  made  during  the  course  of  a  bake.  This  leaves  a  dirty  deposit  on 
the  cores,  plates,  rack,  etc.  which  is  a  nuisance. 

Conclusions 

From  the  foregoing  observations  and  data,  we  would  conclude  that 
power  or  fuel  costs  are  decidedly  in  favor  of  the  oil-fired  oven  while  other 
considerations  such  as  quality  and  uniformity  of  bake,  core  losses,  con- 
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venience  and  cost  of  tending,  cleanliness  and  noise  are  decidedly  in  favor 
of  the  electric  ovens.  Taking  into  consideration  the  higher  losses  in 
the  oil-fired  oven  and  the  extra  labor  cost,  the  oil-fired  oven  cost  about 
$0.80  per  bake  as  compared  with  $1.63  for  the  electric  oven  No.  1.  All 
of  these  considerations  are  based  on  the  equipment  and  installation  we 
now  have  and  the  present  methods  of  manipulation,  both  of  which  we 
are  trying  to  improve. 


Criticism  of  Electric  Ovens 

The  test  has  shown  that  in  the  case  of  the  better  of  the  two  electric 
ovens  the  heat  and  cost  distribution  on  an  average  bake  was  as  follows : 

Per  Cent. 
B.T.u.  Cost  of  Total 

For  heating  iron  rack  (946  lb.) 36,300  $0,290  17.9 

For  heating  plates,  driers,  etc.  (1111  lb.) 42,600  0.343  21 .0 

For  heating  air  (71.3  lb.)  in  oven 5,700  0.046  2.8 

Radiation  and  other  unavoidable  losses 84,600  0 .  681  41 . 6 

For  baking  cores  (282  lb.) 33,900  0.273  16.7 

Total 203,000  $1,633  100.0 

Cost  per  100  lb.  of  cores 0 .  580 

Only  16.7  per  cent,  of  the  heat  is  used  for  baking  cores,  the  other 
83.3  per  cent,  heats  iron  racks,  plates,  etc.,  or  is  lost  into  the  room  and  up 
the  flue.  Some  of  this,  however,  is  absolutely  necessary.  Plates  and 
driers  are  indispensible,  the  ovens  must  be  ventilated  while  hot  in  order 
to  produce  a  good  bake  and  some  heat  is  certain  to  be  lost  through  the 
walls  and  doors.  But  we  beheve  that  much  of  the  heat  consumption 
with  its  entailing  cost  is  quite  unnecessary,  and  can  be  saved  by  proper 
design.  So  long  as  oil  or  gas  is  used  as  the  source  of  energy,  the  cost  per 
B.t.u.  is  so  low  that  these  losses  are  hardly  worthy  of  consideration, 
but  with  the  high  cost  of  electric  energy,  a  great  deal  more  care  must  be 
given  to  design  and  construction  if  economy  is  to  be  obtained. 


Heating  Rack 

The  racks  furnished  with  the  electric  ovens  averaged  about  1000  lb. 
each.  The  weight  was  considerably  reduced  by  removing  all  the  tubular 
supports  that  could  be  spared,  but  even  with  this  lighter  weight  the 
racks  absorbed  used  17.9  per  cent,  of  the  heat  used  for  a  bake.  By  using 
lighter  angle  iron,  seamless  tubes,  etc.,  the  weight  could  certainly  be 
reduced  20  to  30  per  cent,  more  without  reducing  their  strength  to  the 
danger  point;  each  100  lb.  of  iron  thus  saved  would  mean  a  saving  of  3 
cents  per  bake  in  the  electric  oven. 
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Heating  Plates,  Driers,  etc. 

The  same  argument  applies  to  plates  and  driers.  The  plates  used  in 
the  test  weigh  from  20  to  30  lb.  each.  We  are  now  trying  a  few  plates 
made  of  No.  14  sheet  iron  stiffened  with  light  angle  iron;  these  plates 
weigh  about  8  lb.,  thus  saving  of  60  to  70  per  cent,  in  weight.  Several 
driers,  too,  have  been  redesigned  with  a  saving  of  50  per  cent,  in 
weight.  Such  savings  on  the  average  rack  of  cores,  plates  and  driers 
used  in  the  test  would  mean  a  saving  of  about  20  cents  per  bake. 

Heating  Air  in  Ovens 

Experiments  conducted  in  our  laboratory  have  shown  that  at  least 
4.5  lb.  of  air  should  be  supphed  during  a  bake  for  each  pound  of  Unseed 
oil  in  the  cores;  more  air  does  no  harm  so  far  as  the  strength  of  the  cores 
is  concerned  but  requires  a  useless  expenditure  of  heat  energy.  The 
average  bake  referred  to  above  contains  between  5  and  7  lb.  of  linseed  oil 
and  hence  would  actually  require  only  25  or  30  lb.  of  air.  Evidently 
the  air  in  the  oven  when  the  rack  was  placed  there  together  with  that 
which  leaks  in  around  doors  and  enters  when  doors  are  opened  to  examine 
the  cores,  is  sufficient  for  a  proper  bake,  so  no  additional  ventilation  need 
be  supplied  unless  heavier  bakes  are  made. 

Radiation  and  Other  Unavoidable  Losses 

While  these  heat  losses  were  unavoidable  in  the  present  installations, 
they  could  be  materially  reduced  in  a  properly  designed  oven.  The 
loss  of  84,500  B.t.u.  per  hr.  from  an  electric  oven  costs  about  $0.68 
each  hour,  in  addition  to  the  discomfort  caused  to  those  working  in 
the  room.  The  construction  of  the  ovens  tested  may  be  fairly  satisfactory 
so  long  as  cheap  fuel  is  burned,  but  it  is  far  from  economical  when  the 
more  expensive  electric  energy  is  used.  Greater  care  must  then  be 
given  to  door  and  damper  construction,  with  view  to  cutting  down 
heat  loss  due  to  air  circulation,  and  effective  wall  insulation  must  be 
provided  to  cut  down  losses  by  conduction.  The  temperature  observed 
at  various  points  on  the  outer  surface  of  oven  No.  1  ranged  from  100°  to 
180°  F.,  depending  on  proximity  to  through  iron.  Taking  the  tempera- 
ture of  the  entire  surface  at  this  lowest  figure,  it  indicates  that  in  a  year 
of  275  working  days  at  least  25,000,000  B.t.u.  are  lost,  costing  for  electric 
energy  about  $200. 

Baking  Cores 

The  tests  indicate  that  about  2000  B.t.u.  are  required  to  bake  each 
100  lb.  of  green  core  sand.     It  is  highly  probable  that  this  figure  cannot  be 
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reduced  as  it  depends  on  the  binder  used  and  the  quantity  of  moisture 
in  the  green  sand.  3y  so  arranging  the  oven  and  rack  that  larger  loads 
may  be  baked  at  a  time,  it  should  be  possible  to  increase  the  percentage 
of  total  heat  used  in  actually  baking  cores  and  thus  make  a  saving. 

The  figures  and  suggestions  presented  above  indicate  that  there  is  a 
vast  field  for  improvement  in  electric  ovens — a  field  that  is  of  growing 
importance  because  of  the  increasing  use  of  electric  energy  for  industrial 
heating. 

DISCUSSION 

W.  M.  Corse,  Washington,  D.  C. — How  many  dollars  per  day  is  the 
difference,  when  everything  is  considered? 

A.  A.  Grxjeb. — The  fuel  cost  per  100  lb.  of  cores  in  electric  oven 
No.  1  was  57.9  cents;  in  electric  oven  No.  2,  65.2  cents;  and  in  the  oil-fired 
oven  No.  3,  9.9  cents.  Other  costs,  labor  and  so  forth,  are  almost 
double  the  power  costs  in  the  case  of  the  electric  ovens  and  several 
times  the  fuel  cost  in  the  case  of  the  oil-fired  oven. 

W.  M.  Corse. — What  is  the  capacity  per  100  lb.  per  oven,  does  it 
cost  $10  or  $100  a  day  more  to  operate  that  oven? 

A.  A.  Grubb. — That  will  depend  on  the  number  of  bakes  run;  we 
bake  about  275  to  300  lb.  per  bake  and  ten  bakes  per  day  per  oven. 

W.  M.  Corse. — About  1}^^  tons  of  cores? 

A.  A.  Grubb. — Yes. 
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Neumann  Bands  as  Evidence  of  Action  of  Explosives 

upon  Metal 

By  F.  B.  Foley,  *  Rolla,  Mo.,  and  S.  P.  Howell,  f  Pittsburgh,  Pa. 

(San  Francisco  Meeting,  September,  1922) 

Foreword 

Not  infrequently,  in  the  case  of  the  failure  of  a  metal  structure,  such  as  a  bridge, 
tank,  airplane,  gun  carriage,  etc.,  a  doubt  arises  whether  the  failure  was  due,  among 
other  causes,  to  the  effect  of  an  overburden  or  of  an  explosive  maliciously  or  accident- 
ally exploded  in  contact  with  it.  As  few  means  of  discriminating  between  the  effects 
of  these  causes  have  been  known  and  these  means  were  of  a  rough  qualitative  charac- 
ter, it  was  surprising  to  find  in  the  record  of  an  inquiry  into  the  failure  of  a  structure, 
the  statement  that,  by  observations  on  the  Neumann  bands  in  the  structure,  it  was 
possible  to  determine  the  speed  of  breakage  in  the  metal  and  to  distinguish  between 
a  fracture  caused  by  an  explosion  and  one  caused  by  an  ordinary  mechanical  strain. 

Such  a  criterion,  if  well  proved,  was  of  value  to  the  explosives  experts  of  the  Bureau 
of  Mines,  the  Ordnance  Department  of  the  United  States  Army  and  the  Bureau  of 
Ordnance  of  the  United  States  Navy,  but  search  showed  no  record  of  it  in  the  Utera- 
ture  nor  did  any  of  the  metallurgists  and  metallographers  consulted  know  of  any  data 
on  which  such  a  criterion  could  be  based  having  been  assembled  and  critically  studied. 
However,  it  was  universally  held  that  there  was  promise  in  the  idea  and  that  there 
existed  unique  facilities  at  the  Bureau  of  Mines  Experiment  Station  at  Pittsburgh 
for  the  preparation,  under  definitely  known  conditions,  of  material  for  study  by  metal- 
lographers, and  that  material  of  value  might  also  be  obtained  from  the  proving 
grounds  of  the  Army  and  Navy.  Therefore,  with  the  approval  of  the  Director  of  the 
Bureau  of  Mines  and  the  Chiefs  of  Ordnance  of  the  War  and  Navy  Departments,  the 
Chairman  of  the  Division  of  Engineering  of  the  National  Research  Council,  on  April 
12,  1919,  appointed  a  Committee  on  the  Investigation  of  Neumann  Bands,  which 
has  since  been  engaged  in  this  study  and  which,  after  some  slight  change  in  its  person- 
nel, consists  now  of  the  following: 

Dr.  Wmiam  Campbell,  Advisory  Metallurgist,  Bureau  of  Ordnance,  Navy 
Department. 

F.  B.  Foley,  Metallurgist,  Bureau  of  Mines. 

S.  P.  Howell,  Explosives  Engineer,  Bureau  of  Mines. 

Comdr.  0.  M.  Hustvedt,  U.  S.  N.,  Bureau  of  Ordnance,  Navy  Department. 

Dr.  Charles  E.  Munroe,  Chief  Explosives  Chemist,  Bureau  of  Mines. 


*  Metallurgist,  U.  S.  Bureau  of  Mines. 

t  Explosives  Engineer,  U.  S.  Bureau  of  Mines  Experiment  Station. 
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Dr.  Albert  Sauveur,  Professor  of  Metallurgy  and  Metallography,  Harvard 
University. 

Col.  W.  H.  Tschappat,  Technical  Staff,  Ordnance  Department,  U.  S.  A. 

The  work,  the  results  of  which  are  presented  in  this  paper,  was  done  by  Messrs. 
Foley  and  Howell,  but  the  plan  of  operation  was  considered  and  approved  by  the 
committee  as  a  whole  and  the  details  have,  during  the  progress  of  the  investigation, 
been  inquired  into  by  the  individual  members  of  the  committee,  and  by  the  com- 
mittee at  called  meetings.  The  investigators  also  had  the  benefit  of  the  supervision 
and  advice  of  Dr.  Henry  M.  Howe,  a  large  part  of  the  metaUographic  study  having 
been  carried  out  in  his  laboratory.  The  study  was  completed  in  the  MetaUographic 
Laboratory  of  the  University  of  Minnesota. 

The  Committee  on  the  Investigation  of  Neumann  Bands  approves  the  publication 
of  this  first  report,  which  is  offered  for  pubUcation  by  authority  of  the  Division  of 
Engineering  of  the  National  Research  Council,  but  the  authors  alone  are  responsible 
for  the  statements  presented  and  the  conclusions  found. 

Charles  E.  Munroe, 
Chairman,  Committee  on  Investigation  of  Neumann  Bands. 

History  and  Present  Status  of  Theory 

In  1848,  Neumann,  in  studying  the  meteoric  iron  of  Braunau,  noted 
the  existence  of  certain  geometrically  arranged  markings  in  the  kamacite 
to  which  the  name  "Neumann  lines"  was  given.  Kamacite  is  a  solid 
solution  of  iron  and  nickel  having  a  nickel  content  running  as  high  as  6  or 
7  per  cent.  Crystallographically  it  does  not  differ  from  terrestrial  iron; 
its  individual  grains,  however,  are  much  larger  than  those  usually  found 
in  ferrite.  PresteP  is  credited  with  having  first  noted  the  existence  of 
similar  lines  of  Neumann  in  terrestrial  iron.  IVIanj^  writers  refer  to 
these  markings  as  lines.  Osmond  and  Cartaud^  thus  refer  to  them  in 
their  study  of  the  meteoric  irons  of  Timbuktu  and  Caille,  but  in  their 
study  of  the  occurrence  of  these  markings  in  ferrite^  they  use 
the  word  "lamellae."  Howe  called  them  Neumann  bands  in  order  to 
convey  the  idea  of  two  dimensions,  as  the  markings  possess  appreciable 
width  under  moderate  magnification.  In  this  article  we  shall  follow 
Howe*  in  the  use  of  Neumann  bands  as  being  descriptive  of  the 
appearance  of  their  markings  on  a  plane  section. 

In  meteoric  iron  there  are  three  constituents,  kamacite,  taenite, 
and  plessite,  characteristically  arranged,  in  what  has  been  called  Wid- 
mannstattian  structure.  This  structure  is  not  to  be  confused  with  that 
of  Neumann  bands  in  kamacite  that  has  been  exposed  to  shock.  Wid- 
mannstattian  structure  has  been  found  often  in  steel  as  the  result  of  the 
crystallographic  arrangement  of  the  ferrite  while  lines  of  the  same  kind 

1  Cohen:  "Meteoritenkunde,"  89.     Stuttgard,  1894.     Schweizerbart. 
'  Sur  les  fers  m^teoriques.     Mem.  Rev.  de  Met.  (1904)  G9. 
'  Crystallography  of  Iron.     Jnl.  Iron  and  Steel  Inst.  (1906)  71,  444. 
*  H.  M.  Howe:  " Metallographv  of  Steel  and  Cast  Iron."     N.  Y.,  1916.     McGraw- 
Hill  Book  Co. 


F.    B.    FOLEY    AND    S.    P.    HOWELL 


893 


as  those  found  by  Neumann  in  meteoric  iron  have  been  readily  produced 
in  ferrite  by  exposing  it  to  shock.  In  1874,  Tschermak,^  in  studying  the 
nature  of  Neumann  bands,  explained  their  existence  as  being  due  to 
congenital  twinning,  that  is  to  say,  twinning  that  had  taken  place  during 
the  process  of  crystallization  from  the  liquid  state;  but  subsequent 
investigators,  particularly  Osmond  and  Cartaud,^  have  concluded  that 
they  are  mechanical  twins  produced  in  ferrite,  so  far  as  we  know,  by 
shock  only  and  the  more  readily  the  lower  the  temperature  of  the  metal. 
Neumann,  followed  later  by  Tschermak  and  by  Linck,  considered  that  it 
was  a  question  of  fluorspar  twinning. 


Fig.  1. — Showing  TERNARY         Fig.  2. — Octahedral     Fig.   3. — Fluorite  (fluor- 

AXES.  PLANE    OF   CUBE;    CD,   TER-  SPAR)    TWINNED. 

NARY   AXIS. 

Fluorspar,  or  fluorite,  the  name  by  which  this  mineral  is  usually 
called  in  systematic  mineralogy,  belongs,  crystallographically,  to  the 
isometric  system,  the  system  to  which  iron  also  belongs;  like  a  iron,  it  is 
cubic.  There  are  two  forms  of  twinning,  contact  twins  and  penetration 
twins.  In  the  former,  a  simple  revolution  of  180°  about  the  twinning 
axis  produces  a  simple  crystal ;  while  in  the  latter  the  twinned  individuals 
interpenetrate  one  another.  Penetration  twins  are  common  in  fluorspar. 
The  twinning  plane  is  the  octahedral  (111)  plane,  and  the  axis  of  twinning 
is  the  ternary  or  trigonal  axis.  If  a  crystal  in  one  complete  revolu- 
tion about  an  axis  repeats  itself  three  times  in  space,  once  at  each  120°, 
that  axis  is  called  a  ternary  or  trigonal  axis.  A  cube  has  four  such 
axes  (Fig.  1).  The  octahedral,  or  twinning,  plane  of  fluorspar  is  shown  in 
Fig.  2  with  the  ternary,  or  twinning,  axis  CD  passing  through  it.  Imagine 
that  two  cubes,  instead  of  one,  occupy  the  space  of  the  cube  represented 
in  Fig.  1,  and  that  one  of  these  cubes  remains  stationary  while  the  other 
revolves  about  axis  CD  in  the  plane  shown  in  Fig.  2;  such  motion  would 
produce  the  twin  shown  in  Fig.  3.  This  twinning  produces  contact  or 
junction  planes  ABC,  Fig.  3,  along  which  the  face  of  the  one  cube  cuts 

B  Sitzungsberichte  Akad.  Wiss.  Wien,  Math.  Nat.  Classe  (1874)  70,  443. 
8  Op.  dt. 


894       NEUMANN   BANDS   AS    EVIDENCE    OF   ACTION    OF    EXPLOSIVES 

through  the  other.  Neumann  lamellae  or  bands  are  found  parallel  to 
such  planes  of  junction.  Osmond  and  Cartaud,  finding  a  difference  of 
opinion  among  earher  investigators  regarding  these  planes,  polished, 
etched  and  photographed  six  faces  of  a  rectangular  parallelepiped  of 
iron  and  so  mounted  these  photographs  on  a  wooden  model  that  they 
were  able  to  trace  the  Neumann  bands,  which  were  numerous  in  the 
specimen,  on  two  or  more  faces  of  the  model.  From  this  they  deter- 
mined that  the  bands  were  always  parallel  to  the  planes  of  the  trapezo- 
hedron  (211),  and  confirmed  the  theory  previously  advanced  by  Linck.^ 

Fig.  4  represents  a  (211)  trapezohedron.  The  notation  (211)  indi- 
cates, after  Miller,  that  all  the  planes  bounding  the  figure  intercept  the 
three  crystallographic  axes  at  a  relative  distance  from  the  center  of  1 : 2 : 2. 


Fig.  4. — Trapezohedron  (211). 

The  axes  in  Fig.  4  are  marked  a,  h,  c.  If  plane  A  is  extended  so  as  to 
intercept  axes  a  and  b,  and  Oc  is  taken  as  unity,  Oc  will  be  related  to  Oa 
and  06  as  1 : 2 : 2.  To  identify  this  plane  with  Miller  indexes,  the  recipro- 
cals of  the  relation  of  its  intercepts  on  the  three  axes,  i.e.,  ytg^o  ^^  211, 

are  used.  Where  it  is  desired  to  indicate  that  all  the  planes  bounding  the 
figure  are  211  planes  the  notation  appears  in  brackets,  (211). 

Fig.  5  represents  a  cube  (the  form  in  which  a  iron  crystallizes)  trun  • 
cated  by  a  211  plane;  a-b-c  is  a  211  plane.  If  a  value  of  2  is  given  to  the 
sides  of  the  cube  then  Oc  will  be  related  to  Oa  and  06  as  1 : 2 : 2,  from  which 
it  follows  that  Oc  is  3^  Od.  Thus,  we  observe  that  a  211  plane  intercepts 
the  surface  of  a  cube  either  parallel  to  a  diagonal  of  the  face,  as  ab,  or 
parallel  to  a  line  running  from  a  corner  to  the  middle  of  the  opposite 
edge,  as  ac  and  c6.  As  the  Neumann  bands  are  parallel  to  such  211  planes, 
thpy  must  likewise  intercept  the  faces  of  the  cube  in  directions  parallel 
to  the  diagonal  of  the  face  or  to  a  line  running  from  a  corner  to  the  middle 

»  Zeits.  fur  Crystallographie  (1892)  20,  209. 
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of  the  opposite  edge  of  a  face.  This  would  result  in  the  six  directions 
shown  in  Fig.  6,  which  are  the  directions  we  would  expect  Neumann 
bands  to  assume  on  a  plane  parallel  to  the  face  of  a  cubic  crystal  of 
ferrite.  In  addition,  Howe  finds  evidence  that  Neumann  bands  may 
also  follow  the  cubic  cleavage;  however,  in  a  random  section  taken 
through  a  specimen,  the  above  conditions  would  rarely  be  realized. 

In  the  case  of  "annealing  twins,"  deformation  is  not  followed  imme- 
diately by  twinning  because  while  the  deformation  produces  a  transla- 
tion there  is  not  sufiicient  molecular  mobility  in  the  metal  to  permit  the 
symmetrical  orientation  of  the  molecular  polyhedra  with  respect  to  the 
original  position;  but  when  such  deformed  metal  is  annealed  that  neces- 
sary molecular  mobility  is  attained  which  permits  the  consummation  of 
the  twinning.     We  find  no  record  of  annealing  twins  being  produced  in 


5. — Cube  truncated  by  21 1  plane.        Fig 


6.- — ^Intersection  op  cube  face  by 
211  (Neumann)  planes. 


ferrite  although  they  are  common  in  some  of  the  non-ferrous  alloys, 
particularly  in  brasses. 

If  a  polished  face  of  a  piece  of  metal  be  examined  after  deformation 
by  a  slowly  applied  stress,  two  systems  of  lines  will  be  found  to  have 
been  produced.*  One  system  will  be  symmetrical  with  reference  to  the 
direction  of  the  applied  stress;  its  lines  are  called  "Liiders  lines."  As 
they  are  symmetrically  arranged  with  respect  to  the  direction  of  the 
applied  stress  it  is  evident  that  they  can  bear  no  relation  to  the  crystallin- 
ity  of  the  metal,  and  this  is  true  because  the  same  kind  of  lines  will  be 
found  regardless  of  the  structure  of  the  material,  whether  crystalline, 
cellular,  or  amorphous.     Other  lines  will  be  found  also  to  have  been 

«  Osmond,  Fremont  et  Cartaud:  "Les  modes  de  deformation  et  de  rupture  des  fers 
et  des  aciere  doux."    Mem.  Rev.  de  Met.  (1904)  11, 
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developed  within  the  crystal  units;  these  lines,  called  "slip  bands,"  are 
usually  curved  but  roughly  parallel  within  a  single  grain,  and  they 
usually  change  their  direction  in  passing  from  one  grain  to  another.  If 
the  stress  is  applied  suddenly,  as  by  the  blow  of  a  sledge,  a  third  set  of 
markings  will  be  observed  by  microscopic  examination.  These  will 
differ  from  the  other  lines  in  that  they  will  be  much  straighter.  If  the 
surface  is  repolished  and  etched,  the  Luders  lines  and  the  slip  bands  will  no 
longer  be  visible,  whereas  the  third  set  of  lines  will  be  brought  out  more 
prominently;  the  lines  that  persist  after  etching  are  called  Neumann 
bands.  If  a  specimen  containing  Neumann  bands  is  heated  to  a  tem- 
perature of  800°  C.  for  a  short  time,  the  twinning  will  be  effaced  and 
etching  after  polishing  will  not  reveal  them.  Osmond-Wuth,  Heyn, 
Bauer,  and  Goerens  have  shown  that  the  rapidity  of  solution  of  iron 
increases  steadily  with  the  degree  of  mechanical  treatment,  from  which 
Tamman^  concludes  that  the  solubility  of  iron  will  therefore  increase 
with  the  number  of  twin  lamellae,  or  Neumann  bands,  present  in  it. 

The  susceptibility  of  ferrite  to  the  formation  in  it  of  Neumann  bands 
from  sudden  deformation  appears  to  be  governed  by  the  condition  of  the 
ferrite,  particularly  by  its  brittleness  (which  is  affected  by  phosphorus 
and  other  elements)  and  by  its  temperature.  Osmond  and  Cartaud, 
however,  found  that  Neumann  bands  were  not  produced  in  it  at  the 
temperature  of  blue  temper,  although  it  has  been  found  by  tests,  con- 
ducted over  a  range  of  temperatures,  that  the  ductility,  as  measured  by 
reduction  of  area  and  elongation,  decreases  in  this  region.  Hadfield^° 
showed  many  such  bands  formed  in  Swedish  iron  near  the  point  of 
fracture  produced  without  elongation  at  liquid-air  temperature.  Robin,  ^^ 
working  with  a  steel  containing  0.06  per  cent,  carbon  and  1  per  cent, 
phosphorus,  produced  the  bands  at  a  number  of  temperatures  between 
20°  and  600°  C,  but  he  failed  to  find  any  produced  at  a  temperature 
of  700°  C.  His  iron,  of  course,  was  embrittled  by  the  phosphorus. 
Howe^2  produced  them,  by  slowly  applied  pressure,  in  a  4  per  cent, 
silicon  steel,  which  he  called  quite  brittle.  By  the  application  of  a  single 
heavy  blow,  and  also  after  a  number  of  moderately  heavy  blows,  Stanton 
and  Bairstow^^  produced  them  in  Swedish  iron,  but  there  were  none  found 
after  breaking  with  a  great  number  of  lighter  blows.  The  blow  of  a  sledge 
has  produced  them  for  Howe. 


9  Tamman:  "Lehrbuch  der  Metallographie,"  129.     Leipzig,  1914.     Voss. 

10  R.  A.  Hadfield:  Jnl  Iron  and  Steel  Inst.  (1905)  67,  248. 

"  F.  Robin:  Etude  micrographique  sur  la  fragilite  des  aciers  a  I'ecrasement. 
Mem.  Rev.  de  Met.  (1911)  8,  436. 

12  Op.  cit. 

"Stanton  and  Bairstow:  Engineering  (1908)  86,  731;  Proc.  Inst.  Mech.  Engrg 
(1908)  Pt.  3-4,  889. 
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Neumann  Bands  in  Other  Materials  Than  Ferrite 

We  have  been  discussing,  so  far,  the  occurrence  of  Neumann  bands 
only  in  ferrite.  It  is  not  to  be  understood  that  such  mechanical  twins 
cannot  be  produced  in  other  materials.  They  should  be  found  in  any 
crystalline  pure  metal  or  solid  solution  that  could  satisfy  the  conditions 
for  their  production.  Carpenter  and  Edwards^*  concluded  that  tin, 
zinc  and  cadmium  give  mechanical  twins  immediatelj^  on  straining. 
After  slight  shock  and  after  local  deformation  of  the  metal  by  a  needle, 
G.  Timofeef^^  found  twinning  in  zinc.  They  have  been  developed  in 
bismuth  b}-  the  spreading  of  a  crack  by  a  sawcut.  Indeed,  Benedick 
suggests  that  twin  lamellae  are  formed  at  every  surface  of  slip  in 
strained  metal. 

Neither  is  ferrite  the  only  constituent  in  steel  subject  to  the  for- 
mation of  mechanical,  twins.  Osmond  and  Cartaud^^  state  that  there 
are  no  known  mechanical  twins  in  /?  iron  but  that  7  iron  twins  under 
severe  deformation  and  they  suggest  that  martensite  is  the  result  of  the 
formation  of  an  infinity  of  twins  produced  by  the  stresses  incident  to  the 
transformation  of  7  to  «  iron  at  low  temperature  on  sudden  quenching. 
The  o  iron  thus  produced  is  pseudomorphic  on  the  martensitic  structure 
of  7  iron.  Such  twins  might  probably  be  classified  as  congenital,  since 
the}'  are  formed  simultaneously  with  the   a  phase. 

Material  Used  and  Preparation  of  Specimens 

This  investigation  is  restricted  to  a  study  of  the  production  of  Neu- 
mann bands  in  the  ferrite  of  low-carbon  steel  by  stresses  of  varying  rates 
of  propagation  in  the  specimens.  These  specimens  were  of  mild  steel 
in  order  that  the}^  should  contain  a  considerable  proportion  of  ferrite; 
hence  they  were  prepared  from  cold-rolled  shafting  having  a  carbon 
content  of  less  than  0.15  per  cent.  The  specimens,  each  13^^  in.  in  diam- 
eter and  3^:4  in.  thick,  were  cut  from  the  shafting.  When  they  were  partly 
cut  off,  they  were  numbered  and  photographed,  as  shown  in  Fig.  7. 
All  specimens  having  identical  designating  letters  {A,  B,  C,  D,  or  E) 
were  cut  from  the  same  piece  of  shafting,  and  the  disks  were  numbered 
consecutively,  from  1  to  10,  beginning  at  that  end  of  the  piece  that 
showed  the  shorter  projection.  The  specimens  were  then  cut  into  disks 
of  the  designated  dimensions  and  were  annealed  by  being  placed  on 
edge  in  an  electric  furnace  and  annealed  at  871°  C.  (1600°  F.),  held  at 

^*C.  A.  Edwards:  Metallic  Crystal  Twinning  by  Direct  Mechanical  Strain.  J?il. 
Inst.,  of  Metals  (1915)  14,  116. 

Edwards  and  Carpenter:  Hardening  of  Metals.     Jnl.  Iron  and  Steel  Inst.  (1914) 
89,  138. 

15  Compte  rendus  (1889)  109,  680-692. 

18  Op.  cit. 
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that  temperature  \'2  br.,  and  allowed  to  cool  down  overnight  with 
the  furnace.  This  was  done  for  the  purpose  of  removing  any  stresses 
or  twinning  that  might  have  been  present  in  the  material.  The 
quality  of  each  specimen  was  dependent  on  the  nature  of  the  final  heat 
treatment,  so  no  special  consideration  was  given  to  any  prior  heat  treat- 
ment of  the  cold-rolled  steel  shafting.  Readings  were  taken  with  a 
Hoskins  pj^rometer.  As  this  heat  treatment  produced  a  scale  on  the 
disks,  it  was  necessary  to  grind  all  surfaces;  the  top  and  bottom  surfaces 
in  order  to  make  them  smooth,  and  the  edges  in  order  to  bring  them  to 
a  diameter  of  13-2  bi.  This  removal  of  the  scale  reduced  the  thickness 
of  the  disks  to  0.231  ±  0.004  in.     The  disks  weighed  50  +  1  gm.  each. 


Fig.  7. — Test  specimens,  showixg  method  of  preparixg  them. 

The  composition  of  one,  D-9,  was  as  follows:  Carbon  0.110  per  cent., 
phosphorus  0.09  per  cent.,  manganese  0.597  per  cent.,  silica  0.105  per 
cent.,  sulfur  0.099  per  cent. 

Methods  of  Producing  Deformation 

As  it  was  thought  that  the  abundance  of  Neumann  bands  in  ferrite 
would  vary  with  the  speed  of  deformation  with  or  without  fracture,  it 
was  at  first  decided  to  make  tests  with  several  explosives,  each  having  a 
known  but  different  rate  of  detonation,  and  also  by  the  impact  of  a 
falling  weight.  Tests  with  explosives  were  made  by  using  the  Bureau 
of   Mines  standard  test  with    small   lead   blocks."     In  this  test  the 

17  S.  P.  Howell  and  J.  E.  Tiffany:  Methods  for  Routine  Work  in  Explosives  Phys- 
ical Laboratory  of  Bureau  of  Mines.     Bureau  of  Mines  Tech.  Paper  186  (1918)  36-37 
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specimen,  being  a  disk  13-^2  i^^-  in  diameter  and  approximately  3^^  in. 
thick,  is  placed  on  a  lead  cylinder  1}^  ^^-  in  diameter  and  23^^  in.  in 
height,  and  on  the  top  of  the  specimen  is  placed  50  gm.  of  the  chosen 
explosive  in  the  form  of  a  cylinder  and  fired  with  a  No.  7  electric  deton- 
ator. In  each  test  the  specimen  was  placed  with  the  letters  and  numbers 
upright.  The  direction  of  the  impact  of  the  explosive  on  the  specimen 
was  downward.  The  height  of  the  50-gm.  charge  of  explosive  varied 
with  the  explosive  and  is  shown  in  Table 
1.  The  arrangement  of  the  explosive, 
specimen,  and  lead  block  is  shown  in 
Fig.  8.  The  whole  arrangement  was  en- 
closed in  a  paper  tube  so  as  to  retain  each 
unit  in  proper  position.  This  paper  tube 
formed  the  container  of  the  explosive  and 
was  prepared  prior  to  putting  the  explosive 
in  position.  Before  firing,  the  lead  block  NOTf: A-vanes 
was  placed  on  a  firm  horizontal  base.  "fhelel^slfu'of 

For  the  impact  the  specimen  was  placed  -f-he  explosive-^ 
on  a  firm  horizontal  steel  base  and  a  fall- 
ing weight  of  448.75  lb.  dropped  onto  it 
from  heights  of  24  and  12  ft.  (7.3  and  3.6 
m.),the  corresponding  velocities  being  39.29 
and  27.78  ft.  (11.98  and  8.47  m.)  per  sec. 
The  tup,  which  was  secured  to  the  bottom 
of  the  falling  weight,  was  a  hemisphere 
having  a  radius  of  23^  in. ;  but  as  the  tests 
progressed,  this  tup  was  deformed  until  the 
point  which  came  in  contact  with  the 
specimen  had  a  radius  of  8  inches. 

The  specimens  tested  on  the  small  lead 
block  were  not,  in  some  cases,  especially 
with  the  explosives  having  the  lower  rates 
of  detonation,  deformed  as  much  as  seemed  desirable,  for  the  surface  of  the 
specimen  in  contact  with  the  lead  block  was  effectively  supported  by  it,  and 
for  this  reason  additional  trials  were  made  with  the  explosive  on  specimens 
that  were  not  supported.  For  this  purpose  the  charges  were  made  as 
described  above,  using  50  gm.  of  the  explosive  and  firing  it  with  a  No.  7 
electric  detonator,  and  with  the  explosive,  disk,  and  lead  block  surrounded 
by  paper.  The  lead  block  was  then  slipped  out  of  the  paper  tube 
and  the  tube  slightly  crushed  under  the  steel  specimen  so  as  to  hold  it 
firmly  in  place  against  the  charge  of  explosive.  The  paper  tube  served 
also  to  retain  the  explosive  in  the  shape  of  a  cylinder.  The  explosive  and 
specimen  were  then  suspended  in  the  bomb-proof  by  a  wire  passing 
through  the  paper  tube  above  the  explosive.     The  specimen  therefore 
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BLOCK  USED  IN  NeTJMANN  BAND 
IN\'ESTIGATION. 
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hung  below  and  in  contact  with  the  explosive.  Upon  firing,  the  specimen 
was  projected  downward  and  was  caught  in  a  box  of  sawdust  from  which 
it  was  recovered  intact  or  in  fragments.  Tables  1,  2,  and  3  show  the 
details  of  tests  on  33  specimens  grouped  into  series  A,  B,  and  C. 


Table   1. — Series    A,   Specimens    Sup- 
ported by  Lead  Blocks 
Tested  Aug.  12,  1919 


Specimen  ^ 
Number  i 


A  1 

B  2 
C  3 


B  1 
C  2 
D3 


Test 
Number 


Explosive 
Designated 


B-1440 
B-1441 
B-1442 


D-2385 
D-2385 
D-2385 


Compression 

of  Lead  Block, 

Millimeters 


Table  2. — Series  B,  Speci- 
mens Not  Supported 

by  Lead  Blocks 
Tested  Dec.  29,  1919 


21.00 

21.00 
20.50 


B-1443 
B-1444 
B-1445 


D-2335-A 
D-2335-A 
D-2335-A 


16.50 
17.50 
17.50 


Specimen 
Number 


Test 
Number 


B  4 
C  5 
D6 


B-1483 
B-1484 
B-1485 


C  4 
D  5 
E  6 


B-1486 
B-1487 
B-1488 


Explosive 
Designated 


D-2385 
D-2385 
D-2385 


D-2335-A 
D-2335-A 
D-2335-A 


B-1446 
B-1447 
B-1448 

D-2407-A 
D-2407-A 
D-2407-A 

10.50 
10.50 
11.00 

! 

C  1 
D2 
E  3 

D4 
E  5 
A  6 

B-1489 
B-1490 
B-1491 

D-2407-A 
D-2407-A 
D-2407-A 

B-1449 
B  1450 
B-1451 

D-2408 
D-2408 
D-2408 

3.50 
5.00 
5.00 

D  1 
E  2 
A  3 

A  7 
B  8 
C  9 

B-1492 
B-1493 
B-1494 

D-2617-C 
D-2617-C 
D-2617-C 

B-1480 
B-1481 
B-1482 

D-2617-C 
D-2617-C 
D-2617-C 

7.50 
8.00 
8.00 

E  4 
A  5 
B  6 

Table  3. — Series  C,  Impact  Tests  with  448.75-Z&.  Falling  Weight 


Specimen  Number 


Test  Number 


Height  of  Fall, 
Feet 


Velocity, 
Meters  per  Second 


El 

11-465 

24 

11.98 

A2 

11-465 

24 

11.98 

B3 

11-465 

24 

11.98 

A4 

11-465 

12 

8.47 

B5 

11-465 

12 

8.47 

C6 

11-465 

12 

8.47 

Table  4  gives  the  salient  characteristics  of  the  explosives  used  in 
Series  A  and  B, 


F.    B.    FOLEY    AND    S.    P.    HOWELL  901 

Table  4. — Certain  Characteristics  of  the  Five  Explosives  Used 


Grade  and  Class  of  Explosive 


Explosive 
Designated 


Apparent 
Specific 
Gravity 


Height  of 

50-gm. 

Charge  13-^  In. 

in  Diameter, 

Centimeters 


Rate  of  Detona- 
tion in  IJ-i-in 
Diameter  Car- 
tridges, Meters 
per  Second 


60-per-cent.  straight  nitroglycerin 

dynamite D-2385 

40-per-cent.  straight  nitroglycerin 

dynamite D-2335-A 

Nitroglycerin  permissible D-2407-A 

Nitroglycerin  permissible I  D-2617-C 

Nitroglycerin  permissible i  D-2408 


5716 

4470 
3190 
2296 
1523 


Preparation  and  Microscopic  Examination  of  Specimens 

After  the  specimens  had  been  subjected  to  impact,  they  were  halved 
by  sawing  in  a  plane  through  a  diameter  of  each  disk.  A  surface,  thus 
exposed,  was  ground  flat,  pohshed,  and  etched  with  a  solution  of  amyl 
alcohol  and  nitric  acid  in  the  proportion  of  10: 1.  It  is  our  experience  that 
some  care  must  be  exercised  to  avoid  the  formation  on  the  surface  to  be 
examined  of  a  film  of  amorphous  metal,  which  may  result  from  the  polish- 
ing operation  and  which  may  not  be  wholly  removed  in  the  etching  proc- 
ess. Such  a  film  may  mask  the  Neumann  bands  that  may  be  present. 
It  was  this  that  prevented  the  development  of  what  appear  to  have  been 
Neumann  bands  in  some  tin  specimens,  after  repolishing  and  etching, 
in  some  experimental  work  conducted  by  Edwards. ^^ 

Rosenhain  pointed  out  that  since  the  lines  did  not  return  on  repolish- 
ing and  etching,  they  could  not  possibly  have  been  Neumann  bands,  but 
later  Edwards  was  able  to  reproduce  them  by  etching  off  a  layer,  about 
Ke  in.  deep,  of  metal,  which  had  evidently  been  amorphatized  in  the 
rough  polishing,  following  this  by  a  careful  polishing  on  chamois  and 
another  etching.  We  have  observed  in  some  instances  that  a  repolishing 
on  the  finishing  wheel  and  re-etching  have  given  a  much  better  result  than 
that  obtained  on  the  first  etching.  Neumann  bands,  in  their  physical 
appearance,  bear  no  resemblance  to  any  etching  figure  in  steel  that  we 
know  of  except  scratches  on  the  surface  of  the  specimen;  therefore  it  is 
necessary  to  have  a  surface  free  from  scratches;  but  a  scratch  of  any 
length  can  readily  be  told  from  a  Neumann  band  by  observing  that  the 
Neumann  band  will  almost  invariably  stop  or  change  direction,  at  a  grain 
boundary,  while  a  scratch  will  maintain  a  straight  course  through  many 

18  C.  A.  Edwards:  Metallic  Crystal  Twinning  by  Direct  Mechanical  Strain,  Jnl. 
Inst,  of  Metals  (1915)  14,  116. 

Edwards  and  Carpenter:  Hardening  of  Metals.     Jnl.  Iron  and  Steel  Inst.  (1914) 
89,  138. 
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grains.  For  this  reason,  it  is  essential  that  the  grain  boundaries  of  the 
ferrite  be  developed,  otherwise  one  cannot  be  certain  that  Neumann  bands 
are  not  present.  The  amyl-nitric  reagent  used  appears  to  develop  the 
Neumann  bands  and  the  grain  boundaries  of  the  ferrite  with  equal 
rapidity.  With  picric  acid,  which  gives  good  results  also,  the  develop- 
ment of  grain  boundaries  appears  to  be  rather  slow  at  times. 

All  the  si^ecimens,  which,  for  each  deformation,  were  in  triplicate, 
were  examined  microscopically  and  a  representative  specimen  from  each 
set  was  photographed  at  200  diameters  at  three  points  in  the  section,  one 
at  1  mm.  from  the  face  subjected  to  impact,  one  at  the  middle  of  the 
specimen,  and  one  1  mm.  from  the  back,  all  of  them  being  taken  along  the 
axis  of  the  specimen. 

Results  of  Microscopic  Examination 

Those  specimens  that  were  subjected  to  the  impact  from  explosion 
while  supported  by  a  lead  block  will  be  designated  as  series  A,  and  those 
that  were  without  substantial  support  will  be  designated  as  series  B. 
Table  5  gives  a  summary  of  the  effect  of  the  impacts  on  the  shape  of 
the  specimens. 


Table  5.— Effect  of  Impact  on  Shape  of  Specvnen 


Speci- 
men 
Number 

Figure 
Number 

Impact 

Velocity, 

Meters 

per 
Second 

Reduction 

in 

Thickness, 

Inch 

Reduction 

in 
Thickness, 
Per  Cent. 

Shape  of  Resultant 
Diametrical  Section 

Series  A 

E2 
B6 

10-12 
13-15 

1523 
2296 

0.0108 
0.0133 

4.7 

5.8 

Flat 

Flat 

D2 

16-18 

3190 

0.0138 

6.0 

Slightly  cupped 

D3 

19-21 

4470 

0.0480 

20.9 

Slightly  cupped 

C3 

22-24 

5716 

0.0593 

26.8 

Slighth^  cupped 

Series  B 

A7 

25-27 

2296 

0.003 

1.3 

Flat 

A6 

28-30 

3190 

0.0128 

5.6 

Cupped 

C4 

31-33 

4470 

0.0218 

9.5 

Cupped   and 
cracked 

B4 

34-36 

5716 

0.0271 

11.8 

Cupped   and 
broke  apart 

The  thickness  of  the  disks  of  series  A  was  reduced  in  a  greater  degree 
for  the  same  explosive  velocity  than  that  of  the  disks  of  series  B.  This 
reduction  in  thickness  is  important  and  must  be  taken  into  consideration 
in  estimating  microscopically  the  number  and  character  of  the  Neumann 
bands  produced.  The  greatest  reduction  in  thickness  was  that  of 
specimen  C3,  series  A,  which  was  subjected  to  an  explosive  impact  of 
5716  m.  per  sec,  and  the  least  was  that  of  specimen  A7  of  series  B, 
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which  was  subjected  to  an  impact  of  2296  m.  per  sec.  None  of  the 
specimens  in  series  A,  which  were  supported  by  a  lead  block,  broke 
under  the  impact,  whereas  the  higher  velocities  ruptured  unsupported 
specimens  in  series  B. 

Photomicrographs  taken  1  mm.  from  the  front  face,  which  was  the 
face  on  which  the  explosive  was  detonated,  are  marked  position  1 ;  those 
taken  at  the  center  of  the  section  are  marked  position  2;  and  those  taken 
1  mm.  from  the  back  face,  which  was  the  face  that  was  down,  are  marked 
position  3.  The  elongated  black  patches  are  pearlite  areas  running 
perpendicular  to  the  face  of  impact.  The  sharp,  black,  usually  straight 
lines,  terminating  or  changing  direction  at  grain  boundaries,  are  Neumann 


0        10       20       30       40        50       GO       TO 
Impact^  100  tn.  per  sec 

Fig.  9. 


bands.  In  series  A,  photomicrographs  of  position  1  generally  show  a 
greater  number  of  these  bands  than  the  photomicrographs  of  position  3, 
indicating  that,  as  a  rule,  the  number  of  twins  decreases  progressively 
from  the  neighborhood  of  the  face  of  impact  toward  the  back  of  the 
specimens  which  were  supported.  Specimen  D3,  Figs.  19-21  is  an 
exception.  The  magnification  in  all  of  the  Figs.  10  to  37  is  100  dia- 
meters and  it  is  not  extraordinary  that,  considering  the  actual  size  of 
the  field  under  observation,  there  should  be  this  one  reversal  in  five 
instances.  This  does  not  seem  to  hold  true  in  series  B;  of  the  four 
instances,  two  (specimens  A7,  Figs.  25-27  and  A6,  Figs.  28-30)  show 
fewer  bands  in  position  1  than  in  position  3,  The  phenomenon  is  the 
more  marked  in  specimen  A7  and  a  careful  exploration  of  its  mates, 
specimens  B8  and  C9,  verified  the  fact  that  the  number  of  bands  near 
the  surface  of  impact  was  less  than  at  the  back. 

Counting  the  actual  number  of  Neumann  bands  in  a  given  field  would 
be  an  arduous  task  and  of  doubtful  value,  for  frequently  the  bands  are  so 
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close  together  that  it  would  be  difficult  to  decide  whether  to  count  one 
band  or  more;  besides  there  is  the  question  of  discontinuity  so  that 


Fig.  10.  Fig.  11. 

Fig.  10. — Series  A,  specimen  E2,  position  1.     XlOO.     Impact  velocity 

1523   M.    PER   SEC. 

Fig.  11. — Series  A,  specimen  E2,  position  2.     XlOO.     Impact  velocity 

1523  M.  per  sec. 
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Fig.  12.  Fig.  13. 

Fig.  12. — Series  A,  specimen  E2,  position  3.     XlOO.     Impact  velocity 

1523  M.  per  sec. 
Fig.  13. — Series  A,  specimen  B6,  position  1.     XlOO.     Impact  velocity 

2296  M.  PER  sec. 

what  may  appear  as  two  or  more  separate  twins  may  actuallj-  be  but  one. 
Therefore  the  authors  have  confined  themselves  to  an  ocular  comparison 
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of  the  different  fields.     There  is  no  questioning  that  1523  m.  per  sec. 
(specimen  E2,  Figs.  10-12)  produced  the  least  number  of  twins.     With  a 
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Fig.  14.  Fig.  15. 

Fig.  14. — Series  A,  specimen  B6,  position  2.     XIOO.     Impact  velocity 

2296  M.   PER  SEC. 

Fig.  15. — Series  A,  specimen  B6,  position  3.     XlOO.     Impact  velocity 

2296   M.    PER   SEC. 
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Fig.  16.  Fig.  17. 

Fig.  16.— Series  A,  specimen  D2,  position  1.     XlOO.     Impact  velocity 

3190  M.  PER  sec. 
Fig.  17.— Series  A,  specimen  D2,  position  2.     XlOO.     Impact  velocity 

3190  M.  PER  sec. 

little  less  assurance  one  would  be  inclined  to  admit  that  5716  m.  per  sec. 
velocity  produced  the  greatest  number   (specimen  C3,  Figs.  22-24); 
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but,  consider  the  effect  tlie  defunnation  of  specimen  ( '3  has  on  the  number 
of  Neumann  bands  in  a  field.     All  the  specimens  in  series  A  were  flat- 


V    i    ''       i- 


Fig.  18.  Fig.  19. 

Fig.  18.^ — Series  A,  specimen  D2,  position  3.     X 100.     Impact  velocity 

3190  M.   PER  SEC. 

Fig.  19. — Series  A,  specimen  D3,  position  1.     XIOO.     Impact  velocity 

4470   M.    PER   SEC. 
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Fig.  20. 


Fig.  21. 
Fig.  20. — Series  A,  specimen  D3,  position  2.     X 100.     Impact  velocity 

4470  M.  per  sec. 
Fig.  21. — Series  A,  specimen  D3,  position  3.     XIOO.     Impact  velocity 

4470  M.    PER   SEC. 

tened  somewhat  by  the  impact;  specimen  C3  was  reduced  in  thickness 
about  27  per  cent,  and  from  the  shape  of  the  diametrical  section  after 
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impact  must  of  tin's  reduction  was  localized  near  the  face  of  impact,  which 
means  that  there  are  more  grains  packed  in  unit  area  in  specimen  C3  than 


>'-ti 


Fig.  22.  Fig.  23. 

Fig.  22. — Series  A,  specimen  C3,  positiox  1.     XlOO.     Impact  a^elocity 

5716   M.    PER  SEC. 

Fig.  23. — Series  A,  specimen  C3,  position  2.     X 100.     Impact  velocity 

5716  M.  per  sec. 


I 


S! 


«^ 


n 


Fit;.  2-i.  Fig.  25. 

Fig.  24. — Series  A,  specimen  C3,  position  3.  XlOO.     Impact  velocity 

5716  m.  per  sec. 

Fig.  25. — Series  B,  specimen  A7,  position  1.  XlOO.     Impact  velocity 

2296   M.    PER   SEC. 


in  specimen  D3,  and  more  per  unit  area  in  specimen  D3,  which  was 
reduced    about    21    per    cent.,    than    in    specimen    D2    which    was 
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reduced  only  6  per  cent.     The  difference  in  the  number  of  bands  present 
in  specimen   C3,   Figs.   22-24  and  in  the  number  present  in  specimen 
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Fig.  2G.  Fig.  27. 

Fig.  26. — Series  B,  specimen  A7,  position  2.     XlOO.     Impact  velocity 

2296  M.  PER  sec 
Fig.  27. — Series  B,  specimen  A7,  position  3.     XlOO.     Impact  velocity 

2296  M.  per  sec. 
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Fig.  28.  Fig.  29. 

Fig.  28. — Series  B,  specimen  A6,  position  1.     XlOO,     Impact  velocity 

3190   M.    PER   SEC. 

Fig.  29. — Series  B,  specimen  A6,  position  2.     XlOO.     Impact  \^locity 

3190  M.  PER  sec. 


D2,  Figs.  16-18,  is  not  great  and  might  be  accounted  for  b}^  the  relative 
reductions  of  the  specimens.     As  between  specimens  B6  and  E2,  Figs. 
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13  and  10,  the  much  greater  difference  in  the  number  of  bands  can  be 
accounted  for  only  by  the  difference  in  rate  of  impact. 
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Fig.  30.  Fig.  31. 

Fig.  30. — Series  B,  specimen  A6,  position  3.     XlOO.     Impact  velocity 

3190  M.  PER  sec. 
Fig.  31.— Series  B,  specimen  C4,  position  1.     XlOO.     Impact  velocity 

4470  m.  per  sec. 


Fig.  32.  Fig.  33. 

Fig.  32. — Series  B,  specimen  C4,  position  2.     X 100.     Impact  velocity 

4470  M.  per  sec. 
Fig.  33. — Series  B,  specimen  C4,  position  3.     XlOO.     Impact  velocity 

4470  m.  per  sec. 


The  reduction  in  thickness  of  specimens  in  series  B  was  less  than  that 
in  series  A.     The  number  of  Neumann  bands  in  series  B  does  not  appear 
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to  be  greater  in  one  specimen  than  in  another,  unless  it  be  that  specimen 
C4,  Figs.  31-33,  has  more  than  the  others.     Neither  does  the  number 


Fig.  34.  Fig.  35. 

Fig.  34.— Series  B,  specimen  B4,  position  1.      XlOO.     Impact  velocity 

5716   M.    PER   SEC. 

Fig.  35. — Series  B,  specimen  B4,  position  2.     XlOO.     Impact  velocity 

5716  M.  PER  sec. 


Fig.  36.  Fig.  37. 

Fig.  36. — Series  B,  specimen  B4,  position  3.     X  100.     Impact  velocity 

5716  M.  PER  sec. 
Fig.  37. — Specimen  B7,  showing  absence  of  Neumann  bands  in  material 

PRIOR  to  exposure  TO  IMPACT.       X  100. 

of  bands  in  series  B  appear  to  differ  to  any  noti('(\'il)l(^  oxt(Mit  from  the 
corresponding  specimens  in  series  A. 
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Considering  the  entire  set  of  specimens  without  regard  to  whether 
they  were  of  series  A  or  series  B,  the  number  of  Neumann  bands  does  not 
appear  to  be  commensurate  with  the  degree  of  plastic  deformation. 
Otherwise  series  A  would  have  far  more  bands  present  than  series  B. 
The  number  of  bands  present  does  not  seem  to  bear  any  relation  to  the 
degree  of  deformation. 

No  information  relating  to  Neumann  bands  was  obtained  from  the 
set  of  specimens  which  was  subjected  to  deformation  from  a  falling  tup, 
weighing  448.75  lb.  striking  with  a  velocity  of  either  8.47  or  11.98  m.  per 


Fig.  38. — Showing  three  directions  in  one  grain.     X930. 

sec.     These  specimens  were  reduced  to  the  thickness  of  a  knife  edge  and 
no  Neumann  bands  were  recognized  in  them. 

Fig.  38,  taken  at  a  magnification  of  930  diameters,  was  taken  to  show 
three  directions  in  a  single  grain.  At  first  it  was  thought  that  there  were 
more  than  this  number  of  directions  present  in  this  particular  grain,  but 
it  was  noted  on  closer  examination  that  what  at  first  glance  appears  to  be 
but  one  grain  is  in  reality  two  and  the  very  thin  boundary  line  of 
another  grain  (ABC)  becomes  apparent  on  close  examination.  The  two 
grains  are  oriented  so  similarly  that  the  twins  in  one  continue  into  the 
other  with  only  a  slight  change  of  direction  in  crossing  the  very  thin 


912       NEUMANN   BANDS    AS    EVIDENCE    OF    ACTION    OF    EXPLOSIVES 

grain  boundaiy.  These  two  grains  are  probabl}-  on  the  verge  of  coales- 
cence. Although  the  instances  of  three  directions  in  a  given  grain  were 
rare,  the  phenomenon  is  present  in  at  least  two  instances  in  Fig.  31. 
Most  frequently  we  find  but  two  directions  for  Neumann  bands  in  a 
single  grain.  Four  directions  were  exceedingly  rare,  and  persistent 
exploration  failed  to  find  any  instance  of  more  than  four  directions. 
Neumann  bands  may  be  either  ridges  or  furrows  on  an  etched  surface; 
this  is  well  illustrated  by  Fig.  39.  Bands  AB,  CD,  and  EF  are  ridges 
with  the  light  shining  on  the  lower  side  casting  a  deep  shadow.     These 


Pjq    39 — Bands  B,  CD,  EF  shown  as  ridges,  bands  GH  and  IJ  as  furrows; 

NOTE    CHANGE   IN   RELATIA'E    HIGH   LIGHTS    AND    SHADOWS.       X  930. 


three  twins  continue  in  almost  a  straight  line  into  the  adjoining  grain 
but  there  the  relation  of  high  light  to  shadow  is  reversed.  This  is  exactly 
what  one  would  expect  to  find  in  a  case  of  twinning.  Grains  are  said  to 
etch  more  rapidlj^  in  directions  normal  to  certain  cr^'stallographic  faces 
than  to  others.  Sometimes,  the  dominant  ciystal  may  present  a  readily 
attacked  face  to  the  etching  solution  and  the  twinned  elements  present 
other  less  readily  attacked  faces,  a  condition  which  results  in  Neumann 
bands  appearing  as  ridges.  The  evidence  here  does  not  confirm  the 
belief  of  Tamman^^  that  the  appearance  of  Neumann  bands  is  due  to  the 
fact  that  the  mechanically  overstrained  metal  that  causes  the  twin  dis- 


"Tamman:  "Lehrbuch  der  INIetallographie,"  129.     Leipzig,  1914.     Voss. 
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solves  more  quickly  than  the  surrounding  mass.  According  to  Stead, 2" 
the  cubic  planes  are  most  resistant  to  etching,  the  octahedral  plane  the 
least  resistant,  and  the  other  random  planes  intermediate.  Accordingly, 
one  would  expect  that  where  a  given  grain  presented  an  octahedral  face 
to  the  acid  the  face  would  be  most  readily  attacked  and  the  Neumann 
bands  would  appear  as  ridges  and  that  when  a  cubic  face  of  the  grain 
was  presented  to  the  acid  the  Neumann  bands  would  be  attacked  the 
more  rapidly  and  would  therefore  appear  as  furrows. 

Conclusions 

This  investigation  furnishes  evidence  in  support  of  the  following 
conclusions : 

1.  The  abundance  of  Neumann  bands  increases  with  the  velocity  of 
impact  till  this  passes  2296  m.  per  sec.  With  increase  in  velocity  of 
impact  beyond  this  point,  there  is  no  appreciable  increase  in  abundance 
(compare  Figs.  13  to  15  and  25  to  27  with  Figs.  34  to  36). 

2.  There  appears  to  be  a  decrease  in  the  number  of  Neumann  bands 
with  the  distance  from  the  face  of  impact  to  the  back  of  those  specimens 
that  were  supported  by  a  lead  block. 

3.  Impact  velocities  up  to  5716  m.  per  sec.  do  not  produce  Neumann 
bands  having  a  number  of  directions  in  a  single  grain  greater  than  four. 

4.  Neumann  bands  are  found  "to  be  both  ridges  and  furrows  and  their 
appearance  on  an  etched  surface  does  not  seem  to  result  from  an  etching 
out  of  mechanically  overstrained  metal,  which  would  result  in 
furrows  only, 

5.  In  comparing  series  A  with  series  B  the  number  of  Neumann  bands 
does  not  bear  any  apparent  relationship  to  the  amount  of  plastic  defor- 
mation caused  by  the  impact. 

Suggestions  for  Extension  of  Research 

One  of  the  difficulties  connected  with  an  investigation  in  which  the 
object  to  be  attained  is  the  quantitative  relationship  of  the  number  of 
Neumann  bands  to  the  velocity  of  impact  that  produced  them  is  to  find 
a  means  of  determining  the  amount  of  twinning.  The  twins  cannot  be 
counted.  For  example,  in  Fig.  39,  between  Neumann  bands  CD  and 
EF  two  or  three  short  twins  protrude  from  the  grain  at  a  very  slight  angle 
with  its  surface.  Obviously  the  magnification  used  in  this  case,  930 
diameters,  could  not  be  used  if  counting  were  to  be  resorted  to,  yet  a 
magnification  of  200  diameters  would  not  make  such  small  bands  suffi- 
ciently prominent  for  them  to  be  noticed.  A  suggestion  is  offered  through 
the  findings  of  Osmond-Wuth,  Heyn  and  Bauer,  and  Goerens  that  the 
rapidity  of  solution  of  iron  increases  steadily  with  the  degree  of  mechanical 

20  See  H.  M.  Howe:  "Metallography  of  Steel  and  Cast  Iron,"  269. 

VOL.    LXVIII. — 58 
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treatment.     One  might  therefore  determine  by  measurements  of  the  rate 
of  solution  the  degree  of  mechanical  twinning. 

A  photomicrograph  of  Swedish  iron  showing  Neumann  bands  (Fig. 
40)  was  furnished  by  Prof.  C.  Y.  Clayton,  who  states  that  the  specimen 
was  heated  to  1000°  C,  cooled  slowly  in  the  furnace,  and  sectioned  with  a 
saw;  it  was  not  subjected  to  any  other  mechanical  deformation  yet,  after 
etching  the  sawed  surface,  the  Neumann  bands  were  found.  Gaichi 
Yamada,  assistant  professor  of  metallurgy,  Kyoto  Imperial  University, 


Fig.  40. — Neumann  bands  in  Swedish  iron.     X200. 


says  that  a  specimen  of  iron  heated  to  1000°  C.  and  held  at  that  tempera- 
ture for  30  days  showed  Neumann  bands,  though  it  had  not  been  subjected 
to  mechanical  deformation  other  than  that  incident  to  sectioning.  We  have 
found  no  Neumann  bands  as  a  result  of  sectioning  with  a  saw  any  speci- 
mens of  the  steel  used  in  this  investigation;  Fig.  37  shows  the  structure 
of  the  metal  before  subjection  to  impact.  Perhaps  the  presence  of  some 
embrittling  influence  has  been  the  cause  of  the  production  of  twins  in  the 
instances  just  cited.  These  findings,  and  there  have  been  others  of  this 
kind,  suggest  the  advisability  of  determining  in  some  manner  the  effect 
of  inherent  brittleness  of  ferrite  on  the  formation  of  Neumann  bands. 
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We  realize  the  difficulty  of  getting  a  close  estimation  of  relative  brittle- 
ness  but  suggest  that  the  impact  test  might  serve  as  a  first  approximation. 

It  would  also  seem  advisable  to  determine  what  effect  the  presence  of 
mechanical  twins,  in  small  or  large  numbers,  has  on  the  physical  proper- 
ties of  steels  having  an  excess  ferrite  constituent.  Do  they  cause  a  loss  of 
ductility,  a  reduction  or  increase  in  tensile  strength  or  elastic  limit,  or  do 
they  render  the  material  less  resistant  to  shock? 

Further  experiments  should  be  conducted  with  the  material  used  in 
this  investigation  using  velocities  below  2296  m.  per  sec.  in  order  to 
determine  the  point  at  which  the  velocity  does  not  produce  the  sudden- 
ness necessary  to  cause  Neumann  bands  to  appear  in  this  material,  and 
to  determine  also  whether  there  is  a  critical  velocity  above  which  no 
further  increase  in  the  number  of  bands  occurs. 

DISCUSSION 

Albert  Saitv^eur,  Cambridge,  Mass.  (written  discussion). — Neumann 
bands  in  ferrite  are  the  result  of  sudden  deformation  produced  by  impact 
or  explosion,  which  may  or  may  not  cause  rupture;  in  the  absence  of 
deformation  Neumann  bands  are  not  formed.  An  explosion  of  such 
violence,  therefore,  as  to  cause  fracture  without  any  deformation  what- 
ever will  not  be  accompanied  by  the  occurrence  of  Neumann  bands.  As 
the  force  of  impact  increases,  if  rupture  results,  the  deformation  becomes 
more  localized  in  the  immediate  vicinity  of  the  fracture  and  so  do  the 
Neumann  bands.  They  are  not  found  a  slight  distance  from  the  frac- 
ture. The  closeness  of  the  Neumann  bands  to  the  fractured  surfaces 
may  be  taken  as  an  indication  of  the  violence  of  the  explosion  or  shock. 
Other  things  being  equal,  the  closer  the  bands  to  the  fracture  or,  to  put 
it  differently,,  the  smaller  the  area  away  from  the  fracture  in  which  Neu- 
mann bands  are  found,  the  more  violent  is  the  impact  that  produced  them. 
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Conditions  of  Stable  Equilibrium  in  Iron-carbon  Alloys 

By  H.  a.  Schwartz,  H.  R.  Payne,  A.  F.  Gorton,  M.  M.  Austin,  Cleveland,  Ohio 

(San   Francisco   Meeting,   September,    1922) 

From  time  to  time,  one  of  the  authors  has  had  occasion  to  investigate 
the  graphitizing  reaction  and  has  pubHshed  the  results  mainh^  as  dis- 
cussion^  of  the  work  of  other  investigators.  In  view,  therefore,  of  the 
diversity  of  both  observations  and  interpretation,  it  seemed  well  to 
attempt  a  revision  of  the  entire  subject  in  the  Research  Laboratorj^  of 
the  National  Malleable  Castings  Co.  The  work  consisted  of  a  careful 
study  of  a  single,  impure,  iron-carbon  alloy.  The  material,  which  may  be 
considered  typical  low-carbon  white  cast  iron  of  the  malleable  industry, 
was  an  air-furnace  iron  of  the  following  composition:  carbon  2.30  per 
cent.,  silicon  1.20  per  cent.,  manganese  0.29  per  cent.,  phosphorus  0.156 
per  cent.,  sulfur  0.048  per  cent.  The  freezing  range  extended  from  1213° 
to  1132°  C,  the  latter  figure  agreeing  with  Gontermann's  data.- 

We  have  attempted  to  define  the  equilibrium  diagram  of  this  alloy, 
in  the  stable  condition  as  related  to  the  metastable  diagram,  from  a 
temperature  somewhat  ])clow  the  eutectic  freezing  point  to  a  temperature 
below  Ari  and  for  a  graphitic-carbon  content  from  practically  nothing 
to  the  original  total  carbon  of  the  specimen  (see  Fig.  6).  More  especially 
we  desired  to  locate  the  line  in  the  stable  diagram  corresponding  to  the 
Acm  line  of  the  metastable  system,  which  is  designated  by  analogy,  the 
Atm  line  (tm  from  temper  carbon);  also  to  determine  the  location  of 
Atm  with  respect  to  Acm  toward  their  lower  extremities  at  A7\  in  order  to 
determine  whether  or  not  graphitization  is  completed  by  the  separation 
of  an  iron-carbon  eutectoid  analogous  to  pearlite  in  the  iron-cementite 
system.  This  would  involve  further  a  comparison  of  the  locations  of  the 
stable  and  metastable  Ai  points. 

As  the  carbon  concentrations  of  the  solid  solutions  of  the  two  systems 
are  probably  not  identical,  an  explanation  of  their  differences  and  of  the 

^  Merica  and  Giirevich:  Graphitization  of  White  Cast  Iron  upon  AnneaHng. 
Trans.  (1920)  62,  509.  R.  S.  Archer:  Graphitization  of  White  Cast  Iron.  Trans. 
(1922)  67,  445.  White  and  Archer:  AnneaHng  of  Malleable  Castings.  Am.  Found. 
Assn.  Trans.  (1919)  27,  351. 

'^ Zeit.  Anorg.  Chemie,  59,  4. 
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mechanism  of  their  conversion  into  one  another  was  to  be  sought.     The 
experimental  methods  of  attack  included  the  following: 

1.  Determination  of  thermal  critical  points  of  stable  and  meta- 
stable  alloys. 

2.  Microscopic  study  of  solid  solutions  of  the  two  systems. 

3.  Chemical  investigation  of  solubihty  of  carbon  in  stable  system,  as 
related  to  temperature. 

4.  Study  of  changes  in  electrical  resistance  accompanying  graphitiza- 
tion. 

5.  A  few  scattering  observations  incidental  to  other  work  that  have 
a  bearing  on  this  problem. 

6.  Preparation  and  examination  of  a  series  of  alloys  varying  progres- 
sively in  carbon  and  having  otherwise  the  composition  of  the  hard  iron 
to  serve  as  a  means  of  defining  the  location  of  Acm,  or  at  least  its  ter- 
minus at  ^1. 

The  thermal  critical  points  were  investigated  by  Gorton,  using  the 
Roberts-Austen  differential  method  and  Leeds  &  Northrup  apparatus. 
The  platinum-platinum-rhodium  thermocouple  measuring  the  tempera- 
ture was  checked  at  intervals  against  one  calibrated  to  ±3°  C.  by  the 
Bureau  of  Standards  by  means  of  precision  potentiometer  measurements. 
The  two  couples  were  identical  at  all  times  and  at  all  temperatures,  within 
the  precision  of  the  standard  couple. 

The  microscopic  investigations  were  conducted  by  Payne,  using  the 
usual  methods.  The  micrographic  equipment  was  of  the  Bausch  & 
Lomb  inverted  type,  with  optical  equipment  permitting  of  photography 
up  to  4000  diameters.  All  photography  was  by  monochromatic  hght, 
usually  red  or  yellow,  on  panchromatic  plates.  Etching  media  are  indi- 
cated in  connection  with  the  micrographs. 

The  solubility  of  carbon  was  investigated  by  Austin  using  essentially 
the  same  methods  employed  by  Archer  and  by  Schwartz  in  previous 
investigations. 

The  following  precautions,  however,  were  observed.  The  heat  treat- 
ments were  conducted  in  oxygen-free  nitrogen  in  glazed  quartz  tubes 
heated  in  a  Hoskins  tube  furnace.  The  temperatures  were  auto- 
graphically  recorded  and  automatically  controlled  to  +  5°  C.  For  the 
operation  of  the  tube  furnace,  an  iron-constantan  couple  was  required, 
which,  however,  was  calibrated  by  comparison  with  a  platinum-platinum- 
rhodium  standard. 

Graphitization,  in  general,  was  initiated  at  temperatures  of  900° 
to  1000°  C.  and  completed  by  a  hold  of  100  to  300  hr.  at  the  desired 
temperature. 

As  a  criterion  of  the  attainment  of  equilibrium,  a  second  specimen 
was  held  at  the  final  temperature  about  100  hr.  longer  than  the  first  to 
test  whether  the  reaction  was  still  going  on  measurably.     Another  guide 
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is  that,  obviousl}^  the  reaction  at  a  higher  temperature  will  be  com- 
plete in  a  time  permitting  the  attainment  of  equilibrium  at  a  lower 
temperature. 

An  attempt  has  also  been  made  to  check  the  conclusions  by  quenching 
the  completely  graphitized  metal  from  a  few  typical  temperatures.  The 
data  should  differ  from  those  obtained  on  coohng  only  by  the  lag  between 
Ac  and  Ar.  It  was  observed  that  in  nearly  perfectly  graphitized  material 
the  agraphitic  carbon^  decreases  at  750°  and  increases  at  780°. 

The  application  of  electrical-resistance  measurements  to  the  study  of 
the  changes  during  graphitization  and  to  the  identification  of  the  sohd 
solutions  is,  we  believe,  new.  The  work  was  carried  on  by  Gorton,  who 
measured  with  a  Kelvin  bridge  the  resistance  of  a  specimen  enclosed  in 
a  glazed  quartz  tube  in  an  atmosphere  of  nitrogen. 

Temperature  measurements  were  made  with  the  thermocouple  used 
for  determining  the  critical  points.     The  current  was  reversed  during 

each  resistance  measurement  to  exclude 
the  effect  of  stray  thermal  electromo- 
tive forces.  Characteristic  changes, 
both  as  to  specific  resistance  and  ther- 
mal coefficient  of  resistance,  were  found 
on  the  conversion  of  the  metastable  to 
the  stable  system  and  accompanying 
the  solution  of  carbon  (?)  in  ferrite. 
We  believe  that  these  electrical  measure- 
ments proved  a  most  fruitful  field  of 
investigation  bj-  throwing  light  on  the 
interpretation  of  the  results  of  the  better 
known  methods  of  investigation. 

The   plan  of  attack  was  supervised 
by  the  senior  author,  who  is  responsible 
Thermal  critical  points  also    for    the   form   of   pubhcation    and 
the    interpretation    of   results.     In  the 
latter  task,  however,  he  has  been  assisted  by  his  co-workers. 

Critical-point  Curves  of  Original  White  Cast  Iron 

The  critical-point  curves  of  the  original  white  cast  iron  and  of  the 
resulting  completely  graphitized  product  on  the  first  reheating  and  on 
subsequent  heatings  are  shown  in  Fig.  1.  In  the  metastable  sj'stem,  Aci 
is  definitely  at  776°  C.  (1430°  F.)  and  An  at  749°  C.  (1380°  F.),  the  mean 
value  being  762°.  In  the  stable  alloy,  on  heatings  subsequent  to  the 
first,  the  sharply  marked  points  are  Aci  768°  C.  (1415°  F.)  and  Ari  721°  C. 

^Agraphitic  after  H.  M.  Howe,  to  indicate  non-graphitic  carbon  irrespective  of 
any  conception  as  to  whether  it  is  combined  with  or  in  solution  in  iron. 
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(1330°  F.),  the  mean  value  being  745°  C.  We  believe  these  points  to  be 
the  critical  points  of  the  nietastable  system,  for  on  cooling  from,  say, 
1650°  F.  at  the  rate  used  in  this  investigation  the  metallic  matrix  is  largely 
pearlite,  caused  by  the  reestablishment  of  the  metastable  system  during 
the  heat  treatment.     On  the  first  heating  of  the  stable  system,  Aci  is 


Fig.  2. — Structure  of  white  cast  iron  quenched  after  reheating  to  various' 

TEMPERATURES.       EtCHED     WITH     PICRIC      ACID.         X  1000,     REDUCED     ONE-HALF     IN 

reproduction. 

found  at  782°^C.  (1440°  F.),  the  peak  being  but  faintly  marked,  because  of 
the  small  amount  of  dissolved  carbon  participating  in  the  reaction.  This 
is  probably  the  true  Aci  stable  thermal  critical  point  and  is  above  Aci 
metastable,  which  was  not  expected. 

There  appears  in  the  graphitized  specimen  a  faintly  marked  inflection 
in  the  cooling  curve,  beginning  at  about  749°  C.  (1380°  F.),  which  may 
perhaps  be  a  vestige  of  Ari  stable.     The  interpretation  of  the  small  peak 
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below  Aci  at  about  755°  C.  is  not  known;  it  is  due  to  the  metal  but  appar- 
ently not  connected  with  the  change  of  sj'stem.  By  careful  heat  treat- 
ments, it  was  possible  to  show  Aci  stable  and  metastable  in  the  same 
reheated  specimen  and  demonstrate  the  gradual  decrease  in  the  former 
and  increase  in  the  latter  as  the  intensit}^  of  reheating  was  increased. 
We  are  led  to  assign,  tentativeh^,  a  mean  value  of  765°  C.  to  Ai  for  the 
stable  system,  a  value  3°  C.  higher  than  Ai  metastable. 
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Fig.  3. — Structure  op  malleable  cast  iron  quenched  from  various  tempera- 
tures. Etched  with  alcoholic  HNO3.  X  1000,  reduced  one-half  in 
reproduction. 


Structure  of  Reheated  Malleable  Iron 

A  number  of  observers  have  photographed  the  structure  of  reheated 
malleable  and  demonstrated  the  penetration  of  so-called  combined  carbon 
from  the  grain  boundary  into  the  ferrite  grain.  We  have  not  seen  any 
publication  pointing  out  the  tremendous  differences  between  the  struc- 
tures so  obtained  and  the  pearlite,  sorbite,  troostite,  martensite  scries 
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characteristic  of  the  metastable  system.  Fig.  2  shows  the  structure 
of  the  original  white  cast  iron  and  of  this  metal  briefly  reheated  to  a  series 
of  designated  high  temperatures  and  quenched.  The  photomicrographs 
are  at  1000  diameters,  reduced  in  reproduction  to  500,  and  the  specimens 
were  etched  with  picric  acid.  Fig.  3  shows  a  similar  scries  starting  with 
the  completely  graphitized  metal;  the  etching  medium  is  alcoholic  nitric 
acid. 

The  differences  in  the  appearance  of  the  stable  and  metastable  solu- 
tions do  not  arise  from  the  etching  media,  as  picric  acid  produces  on  the 
stable  solutions  a  muddy  stain  that  cannot  be  properly  photographed  and 
is  in  no  sense  similar  to  the  metastable  structures.  Long-continued  heat 
treatment  at  900°  or  950°  C.  will  convert  the  structure  from  that  charac- 
teristic of  the  temperature  in  Fig.  2  to  that  of  Fig.  3.  The  structure  of 
malleable  reheated  to  797°  C.  would,  with  a  longer  heating,  become 
uniform  throughout  by  diffusion  and  would  then  be  identical  with  that  at 
the  next  higher  temperature. 

We  conclude  that  the  stable  and  metastable  solid  solutions  are 
metallographically  distinct  from  one  another.  The  photomicrographs 
indicate  that  Aci  metastable  is  below  and  Aci  stable  above  750°  C,  i.e 
that  the  stable  critical  point  is  above,  not  below,  the  metastable. 

Table  1. — Solubility  of  Carbon  in  the  Stable  System 


Temperature,  Degrees  C. 


Per  Cent.  Combined 
Carbon 


Decrease  in  Combined  Carbon 


Per  Cent. 


During  Last  Hours 


Beginning  with  Hard  Iron 

740 

0.08 

0.00 

144 

750 

0.12 

0.00 

72 

775 

0.57 

0.09 

90 

790 

0.78 

0.04 

96 

790 

0.66 

0.05 

96 

825 

0.68 

—0.02 

96 

840 

0.81 

—0.02 

96 

850 

0.73 

0.01 

72 

950 

1. 10  Same  time  as  850°  equilibrium 

Graphite  burned  down  to  0.12  per  cent. 

Beginning  with  Annealed  Iron 


0.05 

Increase  in  Combined  Carbon 

740 

-0.05 

4 

750 

0.03 

-0.04 

4 

780 

0.56 

0.27 

5 

1100 

1.75 

0.06 

H 

Graphite  exhausted  to  0.01  per  cent. 
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The  thermal  data  seem  to  have  lagged  about  30°  C.  liehind  the  micro- 
scopic data  for  Aci.  The  precision  of  temperature  measurements  was 
probably  shghtly  better  in  the  former  case,  although  the  temperatures  in 
the  microscopic  investigation  are  strictly  comparable  among  themselves. 

Attempts  to  determine  Aci  stable  by  noting  the  highest  temperature 
at  which  ferrite  would  be  formed  on  reheating  a  partly  graphitized  and 
quenched  specimen  of  hard  iron  indicated  a  figure  approximating  745°  C. 
Microscopic  inspection  of  specimens  made  by  Austin  and  similar  in  compo- 
sition to  the  hard  iron  but  of  various  lower  carbon  contents  indicated  that 
the  eutectoid  composition  lies  between  0.86  and  0.99  per  cent,  carbon, 
estimated  metallographically  at  0.92  per  cent.  The  Ac^  line  could  not  be 
followed.  The  results  of  the  determinations  of  the  agraphitic  carbon  con- 
tent of  stable  alloys  in  equihbrium  with  free  carbon  at  various  tempera- 
tures are  given  in  Table  1,  which  shows  the  solubility  of  carbon  in  the 
stable  alloys  and  indicates  that  for  the  stable  system  A  i  is  slightly  above 
750°  C. 

We  beheve  that  the  stud}^  of  electrical  resistance  as  an  expression  of 
the  graphitizing  reaction  is  novel.  It  is  a  most  useful  means  of  checking 
conclusions  based  on  other  methods  for  determining  critical  points,  differ- 
entiating between  various  solid  solutions  and  investigating  the  mechanism 
of  graphitization. 
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-Resistance  at  22°  C.  of  malleable  iron  after  cooling  rapidly  from 
VARIOUS  temperatures. 


Temperature-resistance  Curve  or  White  Cast  Iron 

The  temperature-resistance  curve  of  white  cast  iron  (on  heating) 
shows  discontinuities  at  280°-290°  C.  and  810°-820°  C.  The  location  of 
the  latter  point  suggests  that  it  is  an  expression  of  the  alpha-beta  trans- 
formation. On  the  graphitized  material  a  similar  curve  shows  a  break 
at  about  790°  C,  while  one  taken  during  very  slow  cooling  diverged 
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from  the  preceding  in  the  direction  of  greater  resistance  at  temperatures 
above  710°-720°;  the  discontinuities,  however,  were  hardly  sharp  enough 
to  be  distinctive  in  any  of  the  three  cases. 

If  a  completely  graphitized  specimen  is  heated  to  successively  higher 
temperatures  and  cooled  fairly  rapidly  after  each  heating,  the  Aci  (stable) 
point  should  be  indicated  by  a  permanent  change  in  resistance.  In 
Fig.  4  is  plotted  the  resistance  at  room  temperature  (23°  C.)  of  a  specimen 
as  related  to  the  temperature  of  reheating.  An  extremely  sharp  break 
is  found  at  760°  C. ;  above  this  point,  the  curve  suggests  a  soHd  solution  of 
progressively  increasing  carbon  concentration  and  not  the  redissolving 
of  eutectoid  carbon.  It  may  be  that  the  time  of  heating  was  insufficient 
to  secure  homogeneity  at  temperatures  above  Ai,  so  that  we  were  measur- 
ing the  resistance  of  a  mechanical  mixture  of  solid  solution  and  ferrite  at 
the  lower  temperatures.  Any  decomposition  of  the  stable  system  into 
the  metastable,  because  of  insufficient  quenching,  is  not  significant  in 
this  connection  where  only  the  form  of  the  curve  and  its  point  of  inflec- 
tion are  involved. 

The  ratio  of  the  hot  to  the  cold  resistance  of  the  specimen  shows  great 
discontinuity  between  850°  and  870°,  the  significance  of  which  we  have 
not  studied.  It  is  merely  suggested  that  this  may  represent  the  alpha- 
beta  or  beta-gamma  transformation.  The  specific  resistance  (20°  C.) 
of  a  number  of  ferrous  alloys  has  been  determined  as  follows: 

Temperature 
Coefficient 
Specific  Resistance      (20°-100°) 

Armco  iron 10.9X10-6  0.0047 

Eutectoid  steel  (quenched  from  1700°  F.) 33. 1  X  10-^  0. 0017 

Malleable  (ferrite  and  temper  carbon) 29.5  X  10"^  0.0021 

Malleable  (quenched  from  1700°  F.) 34. 9  X  10-^  0. 0016 

The  agraphitic  carbon  content  of  the  quenched  malleable  was  in  excess 
of  the  eutectoid  ratio  of  the  metastable  system ;  equal  carbon  concentra- 
tions in  solid  solution  in  the  two  cases  have  radically  different  effects 
on  the  electrical  resistance.  Approximately  0.9  per  cent,  carbon  raises 
the  specific  resistance  22.2  X  10~®  ohms,  or  over  200  per  cent,  of  the 
carbon-free  resistance  in  the  metastable  system;  and  less  than  5.4  X  10~^ 
ohms  or  about  35  per  cent,  in  the  stable  system.  In  the  first  case,  the 
effect  of  this  agraphitic  carbon  content  is  to  reduce  the  thermal  coefficient 
by  nearly  67  per  cent. ;  in  the  second,  by  less  than  25  per  cent.  Further 
work  on  the  resistance  of  iron-carbon  alloys  has  been  done  but  the  results 
are  reserved  for  publication  in  other  connections  and  do  not  bear  on  the 
present  problem. 

Changes  of  Resistance  at  Constant  Temperature 

We  have  observed  the  changes  of  resistance  during  the  process  of 
graphitization  at  constant  temperature;  success  in  this  experiment  is 
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possible  only  if  great  iinifonnity  of  tempemture  with  respect  to  time  and 
throughout  the  specimen  can  be  attained.  These  precautions  being 
taken  and  stray  thermal  electromotive  forces  eliminated,  changes  of 
resistance  with  time  were  observed  as  plotted  in  Fig.  5. 

There  is  a  decided  drop  in  resistance,  but  in  2  or  3  hr.  a  minimum  is 
reached  and  the  resistance  rises,  apparentlj^  approaching  a  maximum 
asymptotically.  If,  the  reaction  being  over,  the  temperature  is  lowered, 
the  resistance  falls  with  temperature  and  then  with  time,  approaching 
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Fig.  5. — Change  of  resistaxce  at  constant  temperature  of  white  cast  iron 

DURING    GRAPHITIZATION. 

a  minimum  asj-mptoticalh';  this  is  repeated  with  each  successive  fall  in 
temperature,  presumably  to  Avy.  Microscopic  examination  indicates  the 
disappearance  of  free  cementite  at  approximateh'  the  minimum  point  on 
the  first  curve  although  the  exact  coincidence  has  not  been  demonstrated. 


Rate  of  Graphitization 

Schwartz,  in  April,  1915,  had  occasion  to  measure  the  rate  of  graphi- 
tization at  constant  temperature  as  a  function  of  the  concentration  and 
found  that,  once  initiated,  this  rate  remained  nearly  constant  for  quite 
an  interval  and  began  to  fall  onlj^  when  the  concentration  of  agraphitic 
carbon  approached  values  corresponding  roughly  to  the  carbon  ordinate 
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of  the  Acm  line  at  the  given  temperature.  The  relationship  was  not 
studied  further  as  it  had  no  bearing  on  the  purpose  for  which  that  investi- 
gation was  being  conducted. 

Payne  has  observed,  qualitatively,  that  free  cementite  graph- 
itizes  extremely  rapidly,  compared  with  the  white  iron  from  which  it 
was  isolated. 

Mrs.  Anna  (Nicholson)  Hird,  in  connection  with  an  investigation  of 
the  composition  of  cementite,  by  accident  stucUed  a  specimen  in  which 
very  little  graphite  had  been  formed.  It  was  shown  analytically  that 
this  carbon  had  been  formed  apparently  at  the  expense  of  the  originally 
eutectoid  and  proeutectoid  cementite.  A  detailed  discussion  of  her  work 
is  impossible  at  this  time;  if  brought  to  a  successful  conclusion  it  may  be 
published  as  a  separate  paper. 

In  the  microscopic  examination  of  many  specimens  of  hard  iron  in 
which  graphitization  is  just  beginning,  we  have  observed  that  the  first 
evidence  of  the  formation  of  temper  carbon  is  never  entirely  within  a 
cementite  grain,  is  very  rarely  in  contact  with  a  cementite  grain,  and 
is  usually  entirely  within  the  austenite  (mix  crystal).  Phillips  and 
Davenport^  present  micrographic  evidence  to  this  effect.  We,  in  common 
with  others,^  have  frequently  observed  that  when  graphitization  proceeds 
below  Ai,  the  temper  carbon  is  entirely  surrounded  by  ferrite.  It  is 
common  knowledge  that  the  distribution  of  temper  carbon  in  malleable 
iron  in  no  way  suggests  the  dendritic  structure  of  the  original  hard  iron. 

Austenite  and  Boydenite 

We  believe  that  the  investigation  just  outlined  justifies  the  conclusion 
that  the  solid  solutions  of  the  stable  system  are  distinct  in  structure, 
electrical  properties,  and  temperature-solubility  relation  from  those  of 
the  metastable  system.  For  this  new  stable  solid  solution,  we  propose 
the  name  boydenite,  in  commemoration  of  the  metallurgist  who  first 
practiced  the  graphitizing  reaction. 

As  boydenite  differs  from  austenite  (mix  crystal)  of  equal  carbon  con- 
centration in  every  measurable  characteristic,  they  cannot  both  be  solid 
solutions  of  either  cementite  or  carbon.  The  most  logical  conclusion 
appears  to  be  that  austenite  is  a  solution  of  cementite  and  boydenite  a 
solution  of  carbon;  though  we  are  aware  of  Jeffries'  and  Archer's  opinion^ 
that  cementite  is  not  in  solution  as  such.  The  evidence  is  based  primarily 
on  the  relation  between  the  size  of  the  cementite  molecule  and  of  the  iron 
atom.     We  would  not  wish  either  to  affirm  or  deny  this  conclusion,  feeling 


^  Malleableizing  of  T^^lite  Cast  Iron.     Trans.  (1922)  67,  466. 
*  Merica  and  Gurevich,  loc.  cit.     Bean,  Highriter  and  Davenport.     Amer.  Found. 
Assn.     Trans.  (1921)  29,  306. 

6  Chem.  &  Met.  Eng.  (1921)  24,  1057. 
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that   our  own  knowledge  of  the  mechanism  of  soHd  solution  is  as  yet 
most  rudimentary. 

A  conception  that  austenite,  in  a  generic  sense  of  solid  solutions  in 
gamma  iron,  is  a  solid  solution  in  equilibrium  with,  though  not  of, 
cementite  and  that  boydenite  is  a  similar  solution  with  respect  to  carbon 
would  be  equally  acceptable.  The  solutes  in  austenite  and  boydenite, 
however,  are  apparently  not  the  same.  Our  experiments  seem  to  indicate 
that  carbon  migrates  in  boydenite  more  rapidly  than  in  austenite, 
although  at  low  temperatures  the  rate  of  migration  even  in  the  former 
is  not  high. 

In  view  of  Cesaro's  demonstration'^  that  molten  iron  is  a  solution  of 
FcsC  in  Fea  and  of  the  fact  that  cementite  separates  from  the  frozen 
solution  in  further  cooling,  we  adhere  to  the  opinion  that  the  solution  in 
austenite  cannot  well  be  free  carbon,  especially  as  austenite  and  boydenite 
could  not  both  be  solutions  of  carbon  in  the  same  form  of  combination. 

Some  discrepancies  exist  as  to  the  critical  points  determined  by  various 
methods.  The  results  by  the  thermal  method  differ  somewhat  from  the 
concordant  results  of  the  other  methods;  this  we  ascribe  in  part  to  lag 
(i.e.  super-cooling  or  super-heating)  and  more  largely  to  the  difficulty  of 
deciding  what  constitutes  the  beginning  of  the  break  in  the  differential- 
temperature  curve.  All  the  evidence,  however,  agrees  that  A i  metastable 
is  below  A  i  stable ;  the  difference  between  the  two  temperatures  is  prob- 
ably between  5°  and  10°  C,  the  thermal  data  for  Aci  furnishing  the  best 
available  evidence  as  to  the  magnitude  of  this  difference. 

We  conceive  of  the  graphitization  taking  place  in  the  following  stages : 
At  fairly  high  constant  temperatures,  say  900°  to  1000°  C,  the  process 
is  initiated  by  the  separation  of  a  graphite  nucleus,  possibly  due  to  carbon 
precipitated  out  by  some  local  conversion  of  austenite  into  boydenite 
and  excess  carbon.  The  bulk  of  the  solid  solution,  however,  remains 
austenitic  and  maintains  its  carbon  concentration  by  dissolving  cementite. 
More  carbon  precipitates  and  more  cementite  dissolves  until  the  latter 
is  used  up,  when  there  remains  a  matrix  of  austenite  and  grains  of  free 
carbon.  This  reaction  is  relatively  rapid.  Subsequently  the  austenite 
is  graphitized  into  boydenite  and  free  carbon  and  reaction  ceases  when 
the  solid  solution  is  boydenite  of  a  carbon  concentration  corresponding 
to  the  saturation  point  at  the  temperature  chosen.  If  the  temperature  falls 
slowly  enough,  carbon  precipitates  along  the  Atm  line,  the  boydenite 
decreasing  in  carbon  content.  Just  above  Ari  the  solubility  of  carbon  in 
boydenite  is  about  0.50. 

The  agraphitic  carbon  becomes  almost  nil  below  Ari  stable  and  ferrite 
is  formed,  the  remaining  carbon  precipitating  as  a  ferrite-carbon  eutec- 
toid.     As  a  matter  of  fact,  carbon  is  probably  soluble  in  ferrite  so  that 

7  Jnl  Iron  and  Steel  Inst.  (1919)  99,  447. 
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the  carbon  concentration  at  Ar^  has  a  small  finite  value;  in  this  case  it 
was  less  than  0.03  per  cent.  If  the  temperature  falls  too  rapidly  to  permit 
the  boydenite  to  decrease  its  carbon  content  by  precipitation,  austenite 
will  be  formed,  the  metastable  mix  crystal  having  a  higher  carbon  con- 
centration than  the  stable.  If  the  temperature  falls  somewhat  rapidly 
below  Acx  metastable  pearhte  may  form  and  graphitization  will  still 
proceed,  though  very  slowly  because  of  the  shght  carbon  solubihty  at 
that  temperature.  The  ferrite  ring  around  the  temper  carbon  under  these 
conditions,  which  is  really  a  ring  of  boydenite  of  extremely  low  carbon 
content,  suggests  the  rapid  migration  of  carbon  when  dissolved  as  such. 

In  the  light  of  the  facts  at  our  dis- 
posal, we  believe  that  the  stable- 
equilibrium  diagram  of  the  alloy 
in  the  area  studied  is  probably  as 
shown  in  Fig.  6,  the  probable 
metastable  diagram  being  shown 
by  the  solid  line.  The  At^  line  is 
always  to  the  left  of  Acm,  but  differs 
from  that  suggested  by  Archer  by 
departing  materially  from  the  lat- 
ter in  the  lower  temperatures.  It 
differs  from  the  form  tentatively 
suggested  b}'  one  of  the  present 
authors,  in  the  apparent  existence 
of  a  eutectoid  of  considerable  car- 
bon concentration  instead  of  the 
Atm  line  approaching  very  near  to 
nil  carbon  at  Ai.  We  have  never 
seen  microscopic  evidence  of  the  existence  of  a  eutectoid,  and  it  is 
possible,  though  not  probable,  that  there  is  a  sharp  inflection  in  At„,  just 
above  Ai  permitting  the  lower  end  of  At^  to  bend  over  and  reach  nil  car- 
bon at  Ai.  We  are  seeking  evidence  in  this  direction  but  have  found 
none.  Work  is  also  in  progress  toward  determining  the  effect  of  other 
elements  on  the  relative  positions  of  the  eutectoid  ratio  in  both  systems 
and  also  on  the  mechanism  on  which  the  initiation  of  graphitization  de- 
pends. The  latter  evidence  is  being  sought  in  the  direction  of  a  study  of 
the  equilibria  in  the  ternary  sj^stem  Fe-C-Si. 

DISCUSSION 

E.  S.  Davenport,  Bloomfield,  N.  J.  (written  discussion). — 
New  and  interesting  data  on  the  problem  of  graphitization  are 
found  in  this  paper  and  the  authors  are  to  be  congratulated  on  their 
application  of  electrical-resistance  measurements  to  the  study  of  the 
graphitizjng  reaction.     The  designation  Atm  line  for  the  graphite-austen- 
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ite  equilibrium  line  is,  perhaps,  to  be  regretted,  for  the  term  "temper 
carbon"  is  not  widely  used  outside  of  the  malleable-castings  field.  In- 
asmuch as  .T-ray  work  has  demonstrated  the  identity  of  temper  carbon 
and  natural  graphite,  would  it  not  be  better  to  call  it  the  Agr  line,  particu- 
larly as  this  term  is  already  in  use  to  some  extent? 

The  critical-point  curves  for  the  original  white  cast  iron  seem  to 
have  been  omitted  from  Fig.  1.  With  the  exception  of  Aci  the  white 
cast  iron,  the  critical  points  obtained  by  the  authors  agree  quite  well 
with  those  obtained  by  Bean^  and  Phillips  and  Davenport^  on  similar 
material.  The  points  obtained  by  the  authors  on  the  stable  alloys, 
heatings  subsequent  to  the  first,  are  undoubtedly  the  metastable  points. 

The  micrographic  evidence  supporting  the  theory  of  the  existence 
of  boydenite  is  interesting.  Of  particular  interest  is  the  statement  that 
"long-continued  heat  treatment  at  900°  or  950°  C.  will  convert  the  struc- 
ture from  that  characteristic  of  the  temperature  in  Fig.  2  to  that  of  Fig. 
3."  If  this  could  be  accomplished  with  specimens  covering  a  range  of 
compositions,  it  would  constitute  a  strong  argument  in  favor  of  boydenite. 
However,  martensite  is  one  of  the  most  diflficult  to  etch  of  all  ferrous 
structures.  Slight  variations  in  etching  technique  are  to  be  carefully 
guarded  against,  as  such  variations  might  well  cause  the  apparent  differ- 
ences in  structure  when  only  a  few  specimens  are  being  examined. 

On  the  other  hand,  the  specific-resistance  data  may  be  interpreted 
as  evidence  against  the  existence  of  boydenite.  The  eutectoid  steel  and 
the  malleable,  quenched  from  the  same  temperature,  have  specific 
resistances  of  the  same  order  of  magnitude  (33.1  X  lO"''  and  34.9  X  10"^ 
respectively).  The  temperature  coefficients  also  show  a  similar  agree- 
ment. Is  it  not  the  simplest  course  to  assume  that  the  same  constituent 
is  present  in  both  alloys?  The  slight  discrepancies  may  be  attributed 
to  the  excess  temper  carbon,  over  the  eutectoid  ratio  of  the  metastable 
S3^stem,  present  in  the  quenched  malleable.  It  would  hardly  be  expected 
that  Armco  iron  and  malleable  (ferrite  and  temper  carbon)  would  have 
specific  resistances  or  temperature  coefficients  of  the  same  order  of  magni- 
tude. It  is  not  clear  why  any  great  importance  should  be  attached  to 
the  amount  of  change  produced  by  the  heating  and  quenching  operations 
when  the  original  reference  materials  were  not  strictly  comparable. 

More  work  must  be  done  before  the  existence  of  boydenite  can 
be  conclusively  proved.  The  theory  will  be  of  great  value  however  in 
stimulating  further  investigation  and  discussion.  An  .T-ray  examination 
of  distinctly  martensitic  and  "boydenitic"  irons  should  yield  enlighten- 
ing data. 

Table  1  contains  valuable  data  on  the  graphite-solid  solution  equilib- 

*  W.  R.  Bean:  Discussion  of  H.  A.  Schwartz,  Some  Physical  Constants  of  Ameri- 
can Malleable  Cast  Iron.     Proc.  A.  S.  T.  M.  (1919)  Pt.  2,  247. 
9  Malleableizing  of  White  Cast  Iron.     Trans.  (1922)  67,  466. 
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rium  line.  If,  based  on  these  data,  the  Atm  line  in  Fig.  6  is  correctly- 
located,  we  have  yet  to  account  for  the  graphitization  of  the  remaining 
0.5  per  cent,  carbon  in  completely  annealed  malleable.  As  there  is  no 
evidence  at  hand  indicating  the  existence  of  a  graphite  eutectoid,  either 
the  Atm  hne  turns  sharply  to  the  left  just  above  Ai,  as  suggested  by  the 
authors,  or  we  must  assume  that  approximately  one-fifth  of  the  temper 
carbon  in  malleable  is  precipitated  at  temperatures  below  Ai.  A  close 
investigation  of  this  line  in  the  vicinity  of  ^  i  is  desirable. 

Regarding  the  mechanism  on  which  the  initiation  of  graphitization 
depends,  we  venture  to  call  attention  to  our  suggestion  in  an  earlier 
paper,  that  slight  fluctuations  in  temperature  during  the  "soaking" 
period  of  the  anneal  might  be  the  cause  of  the  initial  precipitation  of 
temper  carbon. 

H.  A.  Schwartz  (authors'  reply  to  discussion). — The  structures  shown 
in  the  photomicrographs  have  been  consistently  observed  in  many  experi- 
ments; they  are  not  apparently  the  result  of  pecuharities  in  the  etching 
methods.  Assuming  that  both  boydenite  and  austenite  are  solutions 
in  gamma  iron,  it  seems  reasonable  that  the  "chevron"  structure  corre- 
sponding to  cleavage  planes  in  the  original  solid  solution  should  be  pre- 
served as  a  pseudomorph  in  cooling. 

In  the  matter  of  electrical  resistivity  we  reason  thus :  The  resistivities 
of  malleable  and  Armco  irons  are  far  different,  because  of  the  presence  of 
free  carbon  in  the  former;  therefore,  the  resistivities  of  quenched  malle- 
able and  quenched  eutectoid  steel  should  be  quite  different.  Actually 
they  are  nearly  identical.  Hence  the  resistivity  of  the  metallic  matrix 
in  the  former  must  be  enough  lower  than  that  of  quenched  eutectoid 
steel  to  balance  the  increased  resistance  caused  by  the  presence  of  carbon, 
or  of  the  voids  it  formerly  occupied.  This  difference  constitutes  the 
point  of  our  experiment. 

Although  rc-ray  investigations  on  boydenite  and  austenite  have  been 
attempted,  they  have  yielded  no  conclusive  data. 

The  nomenclature  Atm  was  adopted,  possibly  ill  advisedly,  to  suggest 
a  difference  between  material  containing  primary  graphite  and  one  con- 
taining secondary  graphite.  We  are  not  sure  whether  the  exterior  form 
of  this  phase  enters  into  the  solubihty.  The  term  "temper  carbon"  has, 
of  course,  an  association  with  the  malleable  industry.  It  was  coined, 
however,  by  Ledebur  to  define  the  particular  form  of  free  carbon  with 
which  we  were  concerned;  hence  our  selection  of  terminology. 
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Effect  of  Nickel-chromium  on  Cast  Iron 

By  Richard  Moldenke,  E.M.,  Ph.D.,  Watchung,  N.  J. 

(San  Francisco  Meeting,  September,  1922) 

The  presence  of  nickel-chromium  in  pig  iron  made  from  Cuban  ores 
is  so  well  known  that  the  word  "Mayari"  is  unconsciously  associated 
with  it.  Since  1904,  when  exploration  of  the  Maj^ari  deposits  of  iron  ore 
in  northeastern  Cuba  was  undertaken,  there  has  been  increasing  inter- 
est in  these  ores.  The  Transactions  contain  numerous  references  to 
them.^  This  iron  ore,  which  is  shipped  to  the  United  States  in  the 
nodulized  state,  has  been  thoroughly  tested  and  found  very  valuable ; 
the  deposit  covers  over  25,000  acres  and  there  is  in  sight  over  500,000,000 
tons  of  ore  that,  by  systematic  mining,  runs  practically  constant  in 
composition.  With  nickel  and  chromium  present,  also  titanium  in 
sufficient  quantities  to  attract  attention,  as  well  as  extremely  low 
phosphorus  and  sulfur  contents,  the  iron  founder  is  naturally  interested 
in  the  utilization  of  Mayari  ore  for  pig  iron  for  the  better  grades  of  finished 
iron  products. 

The  present  point  of  consumption  of  Mayari  ore  is  at  Sparrow's  Point, 
where  Mayari  pig  iron  of  any  desired  composition  is  made.  The  com- 
position of  the  dried  ore  is  about  as  follows:  Iron  49  per  cent.,  silica  3  per 
cent.,  nickel  1  per  cent.,  chromium  1.5  per  cent.,  alumina  11  per  cent.,  and 
combined  water  13  per  cent.  When  nodulized,  the  iron  runs  up  to  nearly 
56  per  cent.,  the  silica,  alumina,  nickel,  and  chromium  are  slightly  higher 
than  the  amounts  just  given.  Practicall}^  all  the  combined  water  is 
driven  off  and  the  nodulized  ore  carries  only  a  few  tenths  per  cent,  of 


1  C.  M.  Weld:  Residual  Brown  Iron  Ores  of  Cuba.     Trans,  (1909)  40,  299. 

C.  K.  Leith  and  W.  J.  Mead:  Origin  of  Iron  Ores  of  Central  and  Northeastern 
Cuba.     Trans.  (1911)  42,  90. 

C.  W.  Hayes:  Mayari  and  Moa  Iron-ore  Deposits  in  Cuba.     Idem,  109. 

J.  E.  Little:  Mayari  Iron  Mines,  as  Developed  by  the  Spanish-American  Iron  Co. 
Idem,  152. 

J.  F.  Kemp:  Mayari  Iron-ore  Deposits.     Trans.  (1915)  51,  3. 

C.  K.  Leith  and  W.  J.  Mead:  Additional  Data  on  Origin  of  Lateritic  Iron  Ores  of 
Eastern  Cuba.     Trans.  (1915)  53,  75. 
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carbon.  Careful  furnacing  of  this  ore  has  enabled  the  production  of  a 
silicon  range  quite  within  regular  foundry  requirements,  so  that  the  use 
of  Mayari  pig  iron  has  been  extended  to  the  making  of  such  light  castings 
as  automobile  piston  rings,  exhaust  valve  cages,  etc. 

On  account  of  the  chromium  content  of  the  ore  and  the  large  amount 
of  slag  produced  in  smelting  it,  a  high  fuel  ratio  is  required.  All  of  the 
nickel  and  practically  all  of  the  chromium  are  reduced,  which  results  in  a 
high-grade  iron,  quite  free  from  oxidation,  and  with  what  might  be 
termed  a  "charcoal-iron  value"  to  the  foundryman.  Foundry  melting 
processes  are  oxidizing  in  character,  hence  metal  to  go  into  cupola  or  air 
furnace  charges  cannot  be  too  free  from  previous  oxidation,  as  the 
dissolved  iron  oxide  in  the  molten  foundry  metal  cannot  be  removed  as 
readily  as  in  the  case  of  steel.  It  is  essential,  therefore,  that  the  foundry- 
man  use  as  much  pig  iron  in  his  mixture  as  he  can  afford  and  yet  compete; 
further,  that  this  pig  iron  be  an  "honest"  one — that  is,  made  without 
skimping  the  fuel  in  the  blast  furnace.  The  more  remelted  stock 
used — such  as  the  several  purchased  scrap  varieties,  the  gates,  sprues, 
defective  work,  and  "over  iron"  of  the  plant — the  greater  the  internal 
shrinkage  troubles,  lost  castings,  and  inferior  work  produced.  Foundry- 
men,  therefore,  tie  to  irons  they  know  are  reliable,  and  these  on  investiga- 
tion will  be  found  only  where  pure  ores  and  abundant  and  good  fuels  are 
used.  The  fact  that  nickel,  chromium,  and  titanium  are  present  in 
this  iron  is  a  guarantee  of  careful  smelting. 

Composition  of  Nickel-chromium  Iron 

These  nickel-chromium  irons  run  high  in  total  carbon.  For  instance, 
in  a  series  of  analyses  of  Mayari  pig  iron,  with  silicon  running  from  0.38 
up  to  nearly  2.00  per  cent.,  the  total  carbon  remains  above  4.00  per  cent, 
and  goes  as  high  as  4.50.  This  is  a  favorable  indication,  for  when  foundry- 
men  have  trouble  from  their  pig  iron,  the  iron  will  usually  be  found  low 
in  total  carbon,  say,  between  2.50  and  3.00  per  cent,  instead  of  between 
3.25  and  3.75.  The  nickel  content  in  Mayari  pig  iron  is  practically  half 
that  of  the  chromium  at  all  times.     A  typical  analysis  is  as  follows : 

Pub  Cent.  Per  Cent. 

Total  carbon 4.25  Nickel 1.20 

Silicon 0.50  to  3.00  Chromium 2.40 

Manganese....' 0.90  Titanium 0.18 

Phosphorus 0.065  Vanadium 0.05 

Sulfur 0.03 

The  natural  classification  of  this  iron  is  with  reference  to  the  silicon 
content  (low  silicon  and  high  silicon),  as  there  is  little  variation  in  con- 
tent of  the  other  elements. 
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The  nickel-chromium  content  naturally  has  an  influence  on  the  phys- 
ical structure  of  the  pig  iron.  Being  cast  into  iron  molds,  or  machine- 
cast,  the  lower  sihcon  pigs  would  be  dead  white  in  fracture,  and  the 
higher  silicon  irons  at  least  a  very  close-grained  gray,  if  not  mottled  in 
the  center  and  white  at  the  edges.  The  low-silicon  pigs  crack  easily  and 
are  remarkably  dense,  the  specific  gravity  being  from  7.28  to  7.30  as 
compared  with  7.20  to  7.24  for  ordinary  iron.  This  condition  will  be 
understood  better  when  it  is  remembered  that  nickel  promotes  the 
formation  of  graphite  in  cast  iron,  while  the  action  of  chromium  is  just 
the  reverse. 

If  it  is  desired  to  increase  the  depth  of  the  chill  in  a  casting  when  the 
test  piece  shows  it  is  too  light,  ferrochrome  should  be  added  to  the  ladle 
of  molten  iron.  But  with  Mayari  pig  iron  there  is  a  natural  marked 
tendency  to  chill  the  casting;  the  effect  of  the  chromium  is  dominant 
because  twice  as  much  chromium  as  nickel  is  present.  For  this  reason, 
also,  only  small  percentages  of  Mayari  pig  iron  should  be  used  in  the  softer 
varieties  of  mixtures,  in  order  to  get  the  strength  imparted  by  the  nickel 
and  chromium  without  sufficient  added  hardness  to  interfere  with  easy 
machining.  The  results  of  the  tests  described  later  graphically  show 
the  situation. 

One  interesting  feature  of  the  Mayari  ores  is  the  fact  that  nickel  and 
chromium,  or  valuable  metals  other  than  the  usual  manganese,  are 
introduced  into  pig  iron  directly  from  the  ore  in  uniform  distribution, 
and  should  therefore  be  more  efficient  than  when  these  metals  are  added 
to  molten  iron  as  expensive  ferroalloys,  not  only  because  of  the  impossi- 
bility of  distributing  metals  of  higher  melting  points  than  cast  iron 
uniformly  in  that  medium  by  simple  addition,  but  also  because  of  the 
loss  of  a  percentage  of  the  ferroalloy  by  oxidation  and  absorption  by  the 
slag  when  added  in  the  ladle. 

The  fundamental  conception  of  gray-fracture  cast  iron  as  a  steel  plus 
mechanically  mixed  graphite  indicates  that  for  the  same  graphite  content, 
equally  sized  and  distributed,  any  improvement  in  the  steel  portion  by 
alloying  with  nickel,  chromium,  titanium,  vanadium,  etc.  must  mean 
a  high-grade  product.  Introduction  through  the  ore  has  the  advantage 
of  regularity  of  results  through  uniformity  in  distribution. 

In  the  early  days,  Mayari  pig  iron  low  in  silicon,  with  all  the  carbon 
in  the  combined  form,  and  the  pigs  brittle  from  casting  strains,  was 
hardly  considered  desirable  foundry  iron.  However,  in  the  search  for 
new  markets  for  this  high-grade  iron,  the  roll-maker  was  induced  to  try 
it,  and  so  gradually  the  founders  of  the  lower  silicon  ranges  of  cast  iron 
got  to  know  the  value  of  nickel-chromium  in  their  mixtures.  Its  use 
should,  however,  be  extended,  for  the  transportation  systems  of  the 
country  are  demanding  better  cast-iron  car  wheels  and  the  producers 
of  crushed  stone  and  the  users  of  ball  mills  would  not  object  to  a  longer 
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life  for  the  wearing  parts  of  their  machinery.  Hence,  improvement  of  the 
steel  portion  of  cast  iron  by  alloying,  for  heavy-duty  machinery,  should  be 
encouraged,  and  new  avenues  found  where  a  smaller  weight  of  higher 
quality  iron  means  an  industrial  advance  for  the  nation. 

To  obtain  definite  information  on  the  action  of  nickel-chromium  in 
the  Mayari  pig  iron  derived  from  their  Cuban  ores,  the  Bethlehem  Steel 
Co.  retained  the  author  to  laj^  out  and  conduct  a  series  of  tests.     By 
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Fig.  1. — Total  carbon,  low. 
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Fig.  4. — Total  carbon,  low. 
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Fig.  2. — Total  carbon,  medium. 
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Fig.  5. — Total  carbon,  medium. 
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Fig.  3. — Total  carbon,  high. 
Transverse  test  curves. 
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Fig.  6. — Total  carbon,  high. 
Deflection  test  curves. 


thus  going  outside  of  its  own  organization,  the  element  of  self-interest 
was  eliminated;  for  the  company  desired  that  the  foundry  industry 
should  be  given  unbiassed  information  for  the  benefit  of  consumer 
and  producer.  The  method  of  planning  and  carrying  out  the  work 
and  the  conclusions  derived  from  these  tests  (probably  the  most  exten- 
sive so  far  made  in  the  foundry  industrj^)  are  here  given.  The  work 
occupied  more  than  a  year  and  the  cost  of  the  detail  shop  and  laboratory 
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operations  was  large,  for  which  the  Bethlehem  Steel  Co.  should  be  given 
credit  by  those  interested  in  cast  iron  and  its  uses.  The  engineer  who 
designs  any  cast-iron  articles  and  the  foundryman  are  both  interested  in 
the  information  given  by  the  curves  in  Figs.  1  to  12. 
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Fig.  7, — Total  carbon,^  low. 
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Fig.  10. — Phosphorus,  low. 
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Fig.  8. — Total  carbon,  medium. 
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Fig.  9. — Total  carbon,  high. 
Tensile  test  curves. 
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Fig.  11. — Phosphorus,  medium. 
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Fig.  12. — Phosphorus,  high. 
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Uses  of  Nickel-chromium  Iron 

Rolls,  Car  Wheels,  Crushers,  etc. — ^Low-silicon  mixtures  are  essential 
for  these  products,  as  heavily  chilled  surfaces  are  wanted.  The  castings 
are  subjected  to  extreme  bending  and  crushing  stresses,  and  the  machining 
problem  is  exceptionally  difficult.  Strength  and  ability  to  resist  wear 
are  the  essential  features  of  the  design.     The  following  ranges  of  composi- 
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tions  would  be  indicated:  Silicon,  below  1.5U  per  cent.;  total  carbon, 
low  to  medium;  phosphorus,  low  to  medium;  nickel-chromium,  low  to 
medium.  Where  exceptional  hardness  is  needed  and  strength  is  pro- 
vided by  increasing  the  section  sufficiently,  the  total  carbon  and  phos- 
phorus should  be  low  and  the  nickel-chromium  high. 

Strong  gray-iron  castings,  just  machinable  without  too  much  diffi- 
culty. This  work  is  subject  to  bending  and  reciprocating  stresses,  as  in 
engine  frames,  and  the  iron  should  be  strong  and  resilient;  hence  a  low 
total  carbon  through  steel  additions  to  the  mixture,  with  silicon  from 
1.00  to  1.50  per  cent.,  or  just  enough  to  hold  the  combined  carbon  to 
where  machining  is  possible.  Phosphorus  should  be  low  to  medium  and 
nickel-chromium  low  to  high. 

Strong,  but  Soft,  Gray-iron  Castings. — This  work  is  not  subject  to 
severe  bending  or  reciprocating  stresses.  The  Brinell  hardness  must  be 
fairly  low,  so  that  a  high  total  carbon  is  essential,  with  silicon  from  2.00 
to  2.75  per  cent,  (the  low  silicon  for  thick  sections  and  the  high  silicon 
for  thin  work) .  Phosphorus  should  be  low  to  medium  and  the  nickel- 
chromium  in  the  low  ranges. 

Piston  rings,  and  light  work  with  much  elasticity.  Here  hardness 
must  be  avoided  and  the  Brinell  numbers  should  be  low.  As,  however, 
the  work  must  be  springy  enough  not  to  set  when  bent,  a  medium  total 
carbon  is  better  than  a  high  one.  Good  deflections  indicate  a  low  to 
medium  phosphorus;  and  to  machine  well  a  carbon  condition  resulting 
from  high  silicon  is  best.  The  nickel-chromium  content  should  be 
medium  to  high. 

The  foregoing  are  but  a  few  of  the  many  hues  of  cast-iron  products. 
In  whatever  branch  of  the  industry  nickel-chromium  may  be  applied, 
the  daily  routine  should  be  checked  up  carefully  with  the  standard  test- 
bar  procedure.  This  will  soon  give  a  series  of  values  that  will  allow  the 
selection  of  the  proper  range  of  composition  adapted  to  the  work  in  hand. 

Effect  of  Remelting  Mayari  Pig  Iron  in  Cupola 

The  chromium  content  of  the  Mayari  pig  irons  is  double  that  of  the 
nickel,  but  when  remelting  in  the  cupola,  the  nickel  is  hardly  affected 
while  the  chromium  is  oxidized  and  removed  to  some  extent.  The 
analyses  of  the  test  bars  show  this  plainly — the  nickel  persisting  where  the 
chromium  is  gone  entirely.  In  the  general  run  of  results,  the  chromium 
has  been  cut  in  half  and  about  equalized  with  the  nickel;  only  in  the  higher 
nickel-chromium  ranges  are  the  ratios  found  more  nearly  normal.  This 
condition  is  important  and  shows  that  in  the  repeated  remelting  of  the 
daily  sprues,  gates,  and  defective  work  the  nickel  content  becomes 
cumulative  while  the  chromium  is  decreased,  with  corresponding  higher 
strengths  and  lessening  hardness.     This  result  is  noted  in  the  foundry. 
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for  the  best  improvements  from  nickel-chromium  additions  show  them- 
selves only  after  the  daily  remelt  has  been  thoroughly  impregnated  with 
these  elements.  A  pig  iron  made  with  a  superabundance  of  fuel  can 
always  stand  the  effects  of  poor  cupola  practice  better  than  one  made 
without  this  advantage.  In  the  latter  instance,  the  iron  cannot  stand 
further  oxidation  without  interior  shrinkages,  pin  and  gas  holes,  cracks, 
and  other  troubles  due  to  iron  without  "life."  The  excellent  quality 
of  charcoal  irons  can  be  attributed  to  perfect  burning  of  the  fuel  in  the 
furnaces  making  them.  Similarly,  Mayari  pig  iron,  because  of  the 
high  fuel  ratios  required  to  effect  the  reduction  of  the  nickel,  chromium, 
titanium,  and  vanadium  from  the  ores,  produce  a  good  fluid 
metal,  full  of  life,  and  capable  of  running  the  thinnest  castings 
with  less  than  0. 1  phosphorus.  This  means  clean  iron  free  from  entrained 
slag  and  giving  good  castings  that  have  no  hard  spots,  are  of  even  and 
fine-grained  structure  and  hence  wear  well. 

Mayari  pig  iron  was  first  used  in  the  production  of  chilled  rolls,  and 
here  the  effect  of  composition  and  manufacture  can  be  plainly  traced. 
The  added  strength  and  elasticity  given  by  nickel,  the  greater  depth  of 
chill  and  hardness  produced  by  chromium,  the  fine-grained  structure 
making  for  smoothness  and  polish  due  to  clean  metal  and  freedom  from 
excessive  oxidation  gave  rolls  of  longer  life  for  heavy  duty,  as  well  as 
doubling  the  life  of  finishing  rolls  through  the  increased  resistance  to 
abrasion  and  freedom  from  fire-cracks.  Nickel-chromium  irons  are  now 
used  in  grinding  plates  for  feed  mills,  flour-mill  machinery,  stone  crushers, 
piercing  plugs  and  die  bushings  for  projectile  work,  mill  guides,  wire- 
drawing dies,  bending  blocks,  pipe  balls,  balls  for  tube  mills,  bottom  plates 
for  grinding  mills,  sand-blast  nozzles,  etc.  One  place  where  excellent 
service  is  given  is  in  the  chilled  cast-iron  car  wheel. 

In  the  case  of  heat-resisting  castings,  the  nickel-chromium  content 
together  with  freedom  from  oxidation  results  in  longer  life  under  expo- 
sure to  high  temperatures.  Such  castings  as  glass  molds,  hot-gas  valves 
and  bells  for  gas  producers,  stoker  parts,  grate  bars,  superheater  headers, 
lead  melting  pans,  and  furnace  castings  last  much  longer  than  when  of 
the  ordinary  irons.  Unquestionably  the  low  phosphorus  content  helps 
in  this,  but  the  breaking  up  of  the  graphite  crystals  by  the  chromium 
present  tends  to  check  the  inward  injurious  action  of  heat,  such  as  is 
observed  where  the  graphite  crystals  are  large,  as  in  Outerbridge's 
experiments  in  "growing"  gray  cast  iron.  Incidentallj^,  the  nickel  con- 
tent increases  the  strength  of  the  casting. 

Greater  acid-resistance  follows  the  use  of  chromium  in  cast  iron,  the 
chemical  industry  being  well  supplied  with  castings  containing  this 
element.  Similarly,  where  heavy  work  is  made  of  metal  from  both 
cupola  and  air  furnace,  nickel-chromium  in  the  iron  is  a  valuable  addi- 
tion.    In  general,  the  greater  freedom  from  oxidation  of  well-made 
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irons,  when  these  are  melted  properly,  results  in  a  longer  period  of 
fluidity  of  the  metal  before  setting,  as  compared  with  irons  made  in  blast 
furnaces  that  are  pushed  very  hard.  The  consequence  is  that  the  slower 
the  molten  metal  sets  in  the  mold,  the  better  it  feeds  up  through  gates 
and  risers  with  corresponding  increase  in  soundness.  Nickel-chromium 
in  such  well-made  irons  gives  the  additional  advantage  of  high  strength 
to  the  work. 

Description  of  Tests  and  Discussion  of  Curves  and  Tables 

At  first,  the  tests  were  made  at  independent  foundries.  In  laying  out 
a  series  of  tests  with  Mayari  pig  iron — using  the  word  "Mayari"  as  a 
brand  name,  just  as  in  the  iron  industry  pig  irons  have  been  given 
various  names  by  those  making  them — the  object  was  to  differentiate 
the  effect  of  the  nickel-chromium  content  of  the  iron  from  that  of  the 
other  elements  present  in  the  usual  range  of  composition  of  cast  iron. 
Considering  that  quite  a  number  of  chemical  and  physical  factors  are 
present  and  have  varying  influences  on  the  end  result  of  a  melt,  the  problem 
was  not  easy. 

In  the  first  place,  the  tests  must  bring  out  facts  easily  interpreted 
by  the  foundryman.  He  can  understand  the  breaking  weight  and 
deflection  incident  to  the  transverse  test  of  standard  test  bars.  He  can- 
not always,  however,  fairly  judge  wearing  quality,  relative  machinability, 
and  properties  on  which  there  may  be  honest  differences  of  opinion. 
Hence  the  tests  selected  consisted  of  transverse  (with  deflection),  tensile 
strength,  Brinell,  detailed  chemical  analysis,  and  the  preparation  of 
photomicrographs  on  a  sufficient  number  of  standard  A.  S.  T,  M.  bars 
made  under  standard  conditions  of  practice.  Inasmuch  as  one  reason 
why  it  is  impossible  to  predict  the  strength  of  cast  iron  from  its 
composition  is  the  change  in  physical  structure  resulting  from  varying 
proportions  of  pig  iron  and  remelted  metal,  this  point  had  to  be 
standardized.  It  was  done  by  not  only  adopting  a  straight  60  per  cent, 
pig  to  40  per  cent,  scrap  relation,  but  by  making  this  scrap.  This  meant 
the  melting  of  a  standard  grade  of  pig  iron  in  the  cupola  and  pouring  the 
metal  into  pigs  to  serve  as  the  scrap  of  the  mixtures  used.  This  was 
done  in  5-ton  batches  to  secure  uniformity  in  product  for  the  make-up 
of  the  mixtures. 

In  planning  the  mixtures  themselves,  not  only  were  the  silicon, 
manganese,  sulfur,  phosphorus  and  total  carbon  taken  into  consideration, 
but  also  the  nickel-chromium  content.  The  usual  foundry  procedure 
was  followed.  The  foundryman  fixes  his  phosphorus  first — whether 
low,  medium,  or  high,  depending  on  the  class  of  work  he  is  to  make; 
in  the  mixtures,  it  was  aimed  to  have  one  set  of  test  bars  with  phos- 
phorus running  around  0.20  per  cent.,  a  set  with  about  0.60  per  cent., 
and  a  third  set  with  0.90  per  cent. 


938  EFFECT    OF   NICKEL-CHROMIUM    ON    CAST    IRON 

The  sulfur  was  held  as  nearly  between  0.10  and  0.12  per  cent,  as 
possible,  and  manganese  around  0.60  per  cent.  These  elements  need  not; 
therefore,  requh*e  special  attention  in  the  discussion. 

Next,  it  was  necessary  to  fix  the  total  carbon  limits,  so  that  several 
divisions  in  total  carbon  could  be  made;  this  was  accomplished  by  steel- 
scrap  additions.  In  carrying  out  the  plans,  there  was  first  a  series  of 
straight  pig-and-scrap  mixtures  without  steel.  Next,  these  mixtures 
with  10  per  cent,  of  their  scrap  replaced  by  steel;  and  then  by  20  per 
cent,  of  steel.  This  was  to  give  three  sets  of  total-carbon  divisions. 
Afterwards,  in  actual  practice,  it  turned  out  that  the  varying  total- 
carbon  determinations  obtained  necessitated  the  division  of  these 
results  into  three  groups  of  low,  medium,  and  high  total  carbon, 
respectively. 

The  succeeding  step  was  to  provide  for  the  use  of  varying  proportions 
of  Mayari  pig  iron  in  the  mixtures.  This  was  accomplished,  in  a  similar 
manner,  by  taking  the  mixture  for  every  total  carbon  as  part  of  each 
division  of  phosphorus  first  without  Mayari  iron,  then  with  10  per  cent. 
Mayari  forming  part  of  the  pig  irons  used,  then  15  per  cent.,  and  finally 
20  per  cent.  Mayari  pig.  Here,  also,  it  was  necessary,  after  the  tests 
were  made,  to  divide  the  results  into  four  general  groups;  namely,  iron 
with  no  or  very  low  nickel-chromium;  iron  with  low,  with  medium,  and 
with  high  nickel-chromium  content. 

Last  of  all,  there  had  to  be  a  grouping  by  the  silicon  content  from  0.50 
to  3,50  per  cent.,  in  steps  of  0.25  per  cent.  As  the  silicon  content  in 
greatest  measure  afi'ects  the  division  of  the  total  carbon  into  graphite  and 
combined  carbon,  this  was  the  most  particular  of  the  divisions  and,  with 
the  exception  of  the  Brinell  hardness  results,  all  curves  were  oriented  in 
accordance  with  this  silicon  range.  To  sum  up :  There  were  four  nickel- 
chromium  divisions  for  each  total  carbon  and  three  of  these  (or  12 
altogether)  to  each  silicon.  There  were  13  silicon  divisions  for  each 
phosphorus  group,  or  a  total  of  465  tests  as  planned.  It  was  planned  to 
make  repetition  tests  with  Mayari  impregnated  sprues  twice  in  each 
case,  to  compare  with  the  original  material,  but  unfortunately  this  plan 
could  not  be  carried  out. 

The  molten  metal  in  each  case  was  to  be  poured  into  the  standard 
A.  S.  T.  M.  13^-in.  diameter  test  bar  vertically  with  top  pour  in  dry-sand 
molds,  three  bars  to  the  mold.  Arrangements  had  been  made  in  a 
number  of  foundries  for  these  tests  with  those  of  the  mixtures  that  would 
fit  the  class  of  work  made  at  these  plants.  To  reduce  the  number  of 
separate  heats  for  so  large  a  program,  the  regular  day's  run  of  the  foundry 
was  to  be  preceded  by  five  separate  charges  of  different  mixtures,  with  50 
per  cent,  more  coke  between  each  than  required.  When,  however,  the 
fourth  foundry  failed  to  give  results  sufficiently  in  line  with  what  should 
have  been  the  case,  it  was  recognized  that  in  spite  of  the  excellent  cupola 
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practice  prevailing  in  each  of  these  plants,  cupola  melting  was  not  as 
accurate  as  it  was  supposed  to  be.  The  results  of  these  tests  have 
been  given  in  another  paper  as  they  were  of  more  especial  interest  to 
foundrymen.  By  this  time  the  importance  of  having  separate  melts  was 
realized,  and  as  the  entire  crucible  department  of  the  Bethlehem  Steel 
Co.  was  not  in  operation  at  the  time,  one  of  the  large  regenerative  furnace 
units,  which  cares  for  twenty-four  crucibles  at  a  time,  was  given  over  for 
this  research ;  also  some  of  the  mixtures  were  eliminated  where  no  immediate 
benefit  to  the  foundry  industry  could  be  seen.  Among  these  were  the 
low-silicon,  high-phosphorus  mixtures.  On  the  other  hand,  as  the 
crucibles  had  to  be  over  one-half  full  (or  with  about  60  lb.  metal)  for 
satisfactory  service,  double  the  number  of  molds  were  made,  and  six 
test  bars  cast  for  each  melt  instead  of  three  as  planned.  This  made  the 
results  more  reliable. 

As  the  crucible-melting  process  is  the  best  (as  well  as  most  expensive) 
and  as  the  mixtures  were  weighed  and  run  through  by  operatives  expert 
in  such  work,  the  results  are  more  comparable  than  would  have  been  the 
case  with  cupola  iron.  So  well  protected  were  the  charges  within  the 
crucible  that,  in  the  case  of  the  first  day's  run,  when  it  became  necessary 
to  let  four  crucibles  in  the  end  pit  remain  over  night  because  the  metal 
was  considered  too  cold  to  be  properly  comparable,  this  metal,  though  in 
the  molten  state  16  hr.,  was  carefully  traced  through  the  chemical  and 
testing  laboratories  and  found  as  good  as  the  rest. 

As  previously  stated,  the  scrap  used  was  remelted  pig  iron,  of  bessemer 
analysis.  Ferrosilicon  and  ferrophosphorus  were  used  to  make  up  what 
siHcon  and  phosphorus  were  required.  The  Mayari  pig  iron  gave  the 
nickel-chromium,  and  steel  chppings  cut  the  total  carbon.  The  remain- 
ing pig  iron  required  was  taken  from  the  regular  low-phosphorus  furnace 
product  of  the  plant.  The  regular  routine  of  the  crucible  melting  process 
was  observed :  the  crucibles  were  heated  after  charging  before  going  into 
the  pits,  the  melting  was  observed  from  time  to  time,  and  when  ready,  the 
crucibles  were  drawn,  shaken  down  a  little,  and  poured.  The  cores  for 
three  bars  each  were  placed  vertically,  side  by  side,  in  long  rows  on  the 
platform  adjoining  the  furnace,  and  held  rigid  by  steel  beams  with  sand 
rammed  up  where  needed.  The  test  numbers  were  chalked  on  the  cruci- 
ble, floor,  and  core  as  the  process  went  on,  and  as  the  molds  were  shaken 
out  the  bars  went  into  numbered  pans  and  were  taken  immediatelj'^  into 
the  grinding  room  for  cleaning  and  stamping,  so  that  no  lots  would  be 
mixed.     Thence  the  bars  went  to  the  laboratories  of  the  plant. 

The  pouring  temperature  was  necessarily  high — not  far  from  that  of 
molten  steel  in  appearance,  though  not  hot  enough  to  burn  the  molding 
sand  used.  Comparatively  few  of  the  bars  were  defective.  The  stand- 
ard A.  S.  T.  M.  bars  were  1^  in-  in  diameter  and  15  in.  long.  They 
were  placed  upon  supports  12  in.  apart  and  broken  by  applying  pressure 
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at  the  center.  The  deflection  was  noted  at  the  moment  of  rupture.  The 
broken  piece  of  the  bar  representing  the  lower  end  as  it  stood  vertically 
in  the  mold — poured  from  the  top — was  then  put  into  the  lathe  and  a  cut 
made  across  the  fractured  surface,  the  turnings  being  carefully  caught 
below.  These  turnings  were  ground  and  mixed,  in  toto,  by  the  standard 
methods  and  analyzed  for  the  constituents  shown  in  the  table.  A  further 
piece  was  then  sliced  off  the  broken  test  bar  to  serve  for  the  Brinell 
hardness  test,  two  impressions  being  taken  half  way  between  centej  and 
rim  and  the  average  reported  in  the  table.  Before  cutting  up  the  test 
bar,  however,  the  two  diameters  were  carefully  caHbrated — the  vertical 
one  in  position  of  test  and  the  horizontal — so  that  the  breaking  weight 
could  be  properly  corrected.  Care  was  taken  in  the  first  place  to  put  the 
bar  on  the  supports  for  breaking  so  that  the  smallest  diameter  was  the 
vertical  one.  The  remainder  of  the  broken  bar  was  then  turned  up  for 
the  tensile  test  piece,  according  to  the  A.  S.  T.  M.  standard,  and  then 
pulled  in  the  machine. 

All  the  bars  were  broken  transversely  and  their  deflection  was  taken. 
Hence  the  data  given  in  the  table  for  transverse  strengths  are  the  average 
of  six  bars  in  nearly' all  cases.  But  one  bar  of  each  mixture  was  subjected 
to  the  tensile  test,  analyzed  and  the  Brinell  hardness  taken.  Also  only 
one  micrograph  was  made  from  the  bar,  showing  the  average  charac- 
ter of  the  metal  across  the  surface. 

Even  with  all  the  advantages  of  the  crucible  process  for  accuracy 
in  mixture  making,  the  results,  on  analysis,  indicated  compositions  vary- 
ing widely.  It  took  much  time  and  patience  to  regroup  the  results, 
so  that  an  orderly  sequence  might  be  established.  A  summary  of  the 
results  is  given  in  Table  1. 

These  results  were  obtained  by  checking  off  each  determination 
separately  against  a  table  giving  the  entire  series  of  the  particular 
element  as  gotten  in  the  tests.  The  bunching  of  the  check  marks 
easily  difi"erentiated  the  high  points  from  the  scattering,  and  hence  the 
ranges  given  became  available. 

It  was  now  possible  to  group  the  results  as  originally  intended,  and 
Table  2  gives  the  general  groups  of  low,  medium,  and  high  phos- 
phorus each  in  combination  with  a  similar  condition  in  total  carbon, 
respectively;  and  each  of  these  sets  in  combination  with  either  no,  low, 
medium,  or  high  nickel-chromium,  respectively,  as  far  as  these  checked 
with  the  actual  results.  Further,  this  grouping  made  it  possible  to 
construct  sets  of  thirty-three  separate  curves  each,  for  the  transverse, 
deflection,  and  tensile  results,  each  with  the  silicon  range  as  the 
basis.  The  phosphorus,  total  carbon,  and  nickel-chromium  are  standard- 
ized individually  as  shown  in  the  curves.  The  Brinell  curves  form 
the  exception  to  the  above  arrangement,  as  they  show  no  relation 
whatever  to  the  silicon  range.    Lack  of  space  required  the  grouping  of 
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these  curves  to  a  considerable  extent,  but  careful  scrutiny  will  reveal  the 
characteristics  without  difficulty. 

A  few  compression  tests  were  made  at  the  time,  on  the  full-sized 
section,  with  columns  1}^  in.  long.  The  results  are  given  in  Table  3. 
In  connection  with  the  diameters  of  the  test  bars,  it  may  be  said  that  even 
with  every  care  taken  to  make  strong  molds,  when  these  are  grouped  in 
large  numbers  they  open  up  slightly  under  the  strain  of  the  molten  metal, 
hence  the  bars  come  out  a  little  large.  Instead  of  1.25  in.  diameter, 
they  may  run  to  1.30  in.  If  a  heavy  coat  of  blacking  has  been  applied, 
the  bars  may  run  hght — down  to  1.20  in.  diameter.  Hence  the  necessity 
of  careful  calibration  for  the  vertical  and  horizontal  diameters  of  the 
test  piece,  as  placed  upon  the  supports,  and  at  the  point  of  fracture. 
The  formula  for  a  round-section  beam,  supported  at  both  ends  and  broken 
at  the  middle,  is  then  applied  to  reduce  the  result  to  the  standard  1.25-in. 
diameter.     The  table  gives  these  results  in  their  corrected  form. 

In  place  of  the  originally  planned  465  tests  with  1395  bars,  there  were 
actually  made  245  tests  in  the  crucible,  with  1 155  bars.  This  was  after  36 
tests  had  been  made  in  the  cupola,  with  135  bars  therefrom,  all  of  them 
valuable  in  themselves  but  not  serving  the  object  of  the  investigation,  as 
already  stated. 


Table  1. — Summary 

of  Results 

of  Tests 

Number 
of  Bars 

Per  Cent. 
Wanted 

Range  of  Bulk  of 
Results  in  Per  Cent. 

Remarks 

Phosphorus 

94 

0.10 

0.10  to  0.122 

Low 

103 

0.40 

0  40  to  0.460 

Medium 

48 

0.80 

0.80  to  0.868 

High 

Total  carlion 

28 
131 

2.75 
3.25 

2.81  to  2.89 
2.94  to  3.49 

Low 

Medium 

84 

3.75 

3.54  to  3.76 

High 

Nickel  chromium 

60 
62 

0.00 
0.12 

0.05  to  0.07 
0.12  to  0.14 

None 

Low 

62 

0.18 

0.18 

Medium 

61 

0.24 

0.22  to  0.25 

High 

Silicon 

31 
35 

0.75 
1.00 

0.76  to  0.90 
1.05  to  1.20 

36 

1.25 

1.30  to  1.45 

36 

1.50 

1.50  to  1.65 

33 

1.75 

1.78  to  1.97 

28 

2.00 

2.03  to  2.13 

33 

2.25 

2.25  to  2.35 

9 

2.50 

2.50 

5 

2.75 

2.80 
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Except  for  a  rather  wide  range  in  the 
case  of  medium  total  carbon,  the  composi- 
tions of  the  bulk  of  the  results  obtained 
run  within  reasonably  serviceable  limits, 
indicating  that  the  physical  characteristics 
in  this  series  of  tests  can  be  safely  judged 
in  connection  therewith.  It  is  well  known 
that  in  ordinary  foundry  practice  it  is  not 
possible  to  predict  strength  from  composi- 
tion with  sufficient  exactness  to  allow 
specifying  both  in  purchasing  castings. 
The  relative  proportions  of  pig  to  remelted 
material,  the  conduct  of  the  melting  proc- 
ess, pouring  temperature,  and  other  things 
so  affect  the  physical  strength  of  the  metal 
for  a  given  analysis  that  the  limits  of  chem- 
ical composition  have  to  be  made  too  wide 
to  be  of  real  use.  It  is  quite  a  different 
situation  with  regard  to  materials  of  a 
homogeneous  character,  such  as  steel,  where 
chemical  analysis  and  physical  strength  go 
hand  in  hand,  when  heat  treatment  is  con- 
stant. Hence,  in  the  case  of  cast  iron  there 
must  be  a  liberal  allowance  of  physical 
strength  as  based  on  composition.  This 
allowance  must  be  the  more  liberal  as  the 
process  of  melting  becomes  less  amenable  to 
scientific  control.  Thus,  the  electric  fur- 
nace, crucible,  open-hearth  furnace,  air 
furnace  and  cupola  would  be  the  downward 
order  of  excellence  in  question. 

It  should  not  be  inferred,  however,  that 
the  results  of  these  tests,  as  made  in  the 
crucible,  are  not  capable  of  being  duplicated 
in  the  cupola  in  sufficient  measure  to  be 
perfectly  reliable  in  daily  melting  practice. 
The  fact  that  it  was  impossible  to  run 
five  different  mixtures  through  the  cupola, 
one  right  after  the  other,  because  some 
of  the  upper  charges  melted  along  the 
cupola  lining  and  ran  into  the  lower  ones, 
simply  means  that  it  is  not  wise  to  oper- 
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ate  that  way  when  a  clear-cut  separation  of  mixtures  in  molten  iron  is 
wanted.  By  running  the  same  mixture  for  a  considerable  portion  of  the 
heat,  however,  this  melting  action  will  only  affect  the  composition  of  the 
first  tap  or  two,  and  after  that  the  molten  metal  will  be  uniform  in 
composition.  The  results  from  these  245  mixtures,  which  were  melted 
in  crucibles  for  expediency,  may  be  safely  applied  to  regular  cupola 
melting  with  the  probability  of  getting  merely  slightly  lower  strengths 
as  the  result  of  the  oxidation  inseparable  from  the  latter  method. 

Results  Shown  hy  Transverse-strength  Curves 

1.  The  general  tendency  of  almost  all  the  curves  for  all  percentages  of 
total  carbon  is  downward  as  the  silicon  increases.  This  is  natural,  as 
silicon  promotes  the  formation  of  graphite  and  means  softer  weaker  metal. 
There  are  some  exceptional  cases,  however,  where  the  curves  rise  at  first 
but  go  downwards  later;  two  of  the  curves  go  upwards  throughout  their 
length.  It  must  be  remembered  that  the  lower  silicon  ranges  make  for 
white  and  mottled  irons,  which  may  not  be  compared  with  the  gray 
varieties;  also  that  a  high  phosphorus  content  has  its  effects. 

2.  In  general,  the  iron  is  weaker  as  the  total  carbon  increases.  This 
accords  perfectly  with  practice,  for  the  more  steel  added  (with  rational 
melting)  the  lower  the  total  carbon  and  the  stronger  the  metal,  and  vice 
versa. 

3.  In  general,  the  lower  the  phosphorus,  the  stronger  the  iron.  This 
is,  however,  considerably  affected  by  the  percentages  of  the  other  elements 
present— particularly  the  total  carbon  and  the  silicon — for  occasionally 
the  medium-phosphorus  curve  ranges  above  the  low  phosphorus. 

4.  The  curves  show  the  irons  with  nickel-chromium  to  be  stronger  on 
transverse  test  than  those  where  these  elements  are  absent,  thus  attesting 
to  the  beneficial  results  of  Mayari  pig  iron  additions  to  the  mixtures. 

5.  The  low  and  medium  nickel-chromium  curves  show  stronger  iron 
than  where  high  ranges  of  these  elements  exist.  This  would  indicate  that 
the  peculiarity  of  chromium  in  furthering  the  retention  of  carbon  in  the 
combined  state  yields  irons  comparable  to  the  lower  silicon  ranges.  As 
excellent  practical  results  have  been  obtained  when  the  percentage  of 
Mayari  pig  iron  used  in  mixtures  of  high  silicon  ran  considerably  beyond 
those  of  this  series  of  tests,  this  point  will  be  studied  later  in  connection 
with  some  electric-furnace  tests  to  be  made  supplemental  to  this  series. 

6.  The  best  transverse  strengths  seem  to  have  been  obtained  with  the 
low  to  medium  total  carbon  ranges,  with  1.50  to  2.00  per  cent,  silicon, 
and  low  to  medium  phosphorus  and  nickel-chromium. 

7.  The  least  transverse  strengths  were  obtained  with  a  high  total 
carbon,  sihcon  above  2.00  per  cent.,  and  with  nickel-chromium  either  zero 
or  high.     The  phosphorus  in  these  cases  seems  to  have  been  negligible. 
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Results  Shown  hy  Deflection  Curves 

1.  The  general  tendency  of  the  deflection  curves  for  all  ranges  of 
total  carbon  is  to  go  upward  as  the  silicon  content  rises.  This  is  naturally 
the  reverse  of  the  transverse  strength  showing,  and  agrees  with  general 
foundry  practice  in  that  a  soft  iron  bends  more  than  a  hard  one.  Some 
exceptions  will  be  noted  among  the  curves,  but  these  might  have  looked 
differently  if  possible  of  extension  each  way  through  additional  melting 
tests.  Furthermore,  the  scale  of  the  curves  is  rather  large  so  that  a  few 
hundredths  of  an  inch  deflection  up  or  down  greatly  affect  the  direction  of 
the  curves. 

2.  The  deflection  of  the  test  pieces  (when  at  the  breaking  point)  is 
greater  as  the  total  carbon  goes  up,  or  again  the  reverse  of  the  transverse 
results.  The  greatest  deflections  were  observed  in  irons  of  high  total 
carbon,  no  nickel-chromium  and  low  phosphorus;  i.e.,  in  the  higher 
silicon  ranges,  or  when  everything  tended  to  make  a  strong  but 
soft  casting. 

3.  The  deflection  drops  as  the  phosphorus  content  increases  showing 
that  the  lower  phosphorus  ranges  give  better  deflections,  or  more  resilient 
iron  than  the  high  ones.  This  is  in  accord  with  recent  developments  in 
making  piston  rings,  where  the  high-phosphorus  and  lower  silicon  iron 
is  being  replaced  by  low-phosphorus  higher  silicon  iron. 

4.  The  nickel-chromium  content  seems  to  run  with  the  phosphorus 
in  this  series  of  deflection  curves,  for  the  greater  deflections  are  with  no, 
or  but  little  nickel-chromium.  The  deflection  goes  down  as  the  nickel- 
chromium  goes  up,  seemingly  paralleling  the  low-silicon  effects  noted  in 
the  transverse-strength  curves,  and  plainly  shown  in  the  deflection 
results  for  all  the  carbon  ranges. 

5.  The  greatest  deflections  seem  to  have  been  obtained  when  the  total 
carbon  was  medium,  the  silicon  above  2  per  cent.,  the  phosphorus  low, 
and  the  nickel-chromium  either  absent  or  low. 

6.  The  least  deflections  are  found  in  irons  of  low  total  carbon  and 
silicon,  with  high  phosphorus  and  nickel-chromium. 

Results  Shown  hy  Tensile-strength  Curves 

1.  As  in  the  transverse  tests,  the  trend  of  the  curves  for  all  the  total 
carbon  ranges  is  generally  downward  as  the  silicon  increases.  The  few 
exceptions  might  have  looked  differently  if  possibleof  extension  both  ways. 

2.  As  in  the  transverse  tests,  the  tensile-strength  ranges  go  down- 
ward as  the  total  carbon  goes  up. 

3.  In  general,  with  the  low  to  medium  total  carbons,  the  low  nickel- 
chromium  with  the  low  to  medium  phosphorus  ranges  give  better  tensile 
strengths  than  high  phosphorus  with  either  zero  or  high  nickel-chromium. 
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In  the  case  of  the  high  total  carbons,  a  high  nickel-chromium  and  phos- 
phorus content  seems  to  have  made  the  bars  stiffer,  so  that  while  they  did 
not  bend  very  far,  they  were  fairly  strong  on  direct  tension. 

Results  Shown  by  Brinell  Test  Curves 

The  harder  the  metal  the  higher  is  the  Brinell  number.  In  studying 
the  individual  tests  in  this  large  series,  it  was  thought  that  a  classification 
could  be  arranged  based  on  the  graphite-combined  carbon  relation. 
Thus,  with  an  apparently  very  soft  bar  of  high  graphite  content  and  with 
very  low  combined  carbon  (each  the  average  of  the  entire  section)  a  very 
low  Brinell  reading  should  have  been  obtained.  As  the  proportion  of 
graphite  to  combined  carbon  would  go  down,  the  readings  should  go  up — 
the  metal  becoming  stiffer,  so  that  with  a  minimum  of  graphite  and  maxi- 
mum of  combined  carbon,  the  hardest  bar  should  have  been  obtained. 
This  situation  did  not,  however,  eventuate,  and  all  kinds  of  combinations 
of  the  elements  in  cast  iron  with  the  carbon  divisions  were  tried. 
Finally,  it  w^as  discovered  that  up  to  a  certain  point  the  Brinell  hardness 
numbers  ran  directly  with  a  decreasing  total  carbon  content,  no  matter 
what  the  relation  of  graphite  and  combined  carbon  and  the  silicon 
content  might  be.  The  figures  run  very  steady  for  the  gray  cast  irons, 
but  when  the  combined  carbons  run  over  0.80  per  cent.,  and  the  harder 
irons  eventually  become  mottled  and  white  appears,  the  results — though 
still  running  in  the  right  direction — become  more  erratic  and  extreme. 

Conclusions 

An  examination  of  the  curves,  arranged  according  to  a  regular  pro- 
gression of  total  carbon  percentages,  and  grouped  according  to  the 
phosphorus  ranges  with  the  silicon  content  ignored  entirely,  shows 
the  following : 

1.  All  the  curves  show  that  the  higher  the  total  carbon,  the  lower  the 
Brinell  numbers,  or  softer  the  metal;  and  vice  versa. 

2.  That  whether  phosphorus  is  low,  medium,  or  high,  the  relative 
positions  of  the  curves  are  the  same;  that  is,  the  element  in  question 
evidently  has  but  little  effect  on  the  hardness  of  cast  iron  as  compared  with 
that  of  the  total  carbon  content. 

3.  The  nickel-chromium  definitely  increases  hardness  with  rising 
percentages.  The  increase  is  not  large,  but  it  shows  that  the  softer  irons 
may  be  had  with  higher  total  carbon  percentages,  which  in  turn  can  be 
kept  strong  enough  by  holding  the  graphite  down  with  the  low  silicon 
ranges. 

4.  There  would  appear  a  general  showing  that  the  conception  of 
hardness  in  cast  iron  and  strength  must  be  kept  distinctly  apart,  and 
that  further  investigations  should  be  made  to  get  more  information  on 
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this  subject.  The  foundryman  occasionally  turning  out  gray-iron  cast- 
ings with  chilled  surfaces  is  not  interested  in  strength  as  much  as  the 
maker  of  chilled  rolls  and  car  wheels,  who  wants  reasonably  soft, 
strong,  interior  metal  with  extremely  hard  chilled  portions  at  the  surface. 
He  will  be  highly  interested  in  developments  to  attain  these  physical 
characteristics  in  best  measure. 

The  study  of  the  photomicrographs  taken  from  one  bar  in  each  of  the 
sets  of  the  test  series  has  been  left  for  future  consideration,  and  any 
developments  will  be  brought  out  in  connection  with  a  series  of  electric- 
furnace  tests  to  be  made  on  the  higher  nickel-chromium  ranges  for  cast- 
iron  products. 
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Oil  Reserves  of  the  United  States 

By  David  White,*  Washington,  D.  C. 

(New  York  Meeting,  February,  1922) 

The  submission  of  carefully  prepared  estimates  of  the  oil  reserves  of 
the  United  States  calls  for  no  apology  or  explanation.  In  this  coutitry, 
petroleum  is  a  rapidly  wasting  asset  and  an  occasional  appraisal  of  the 
amount  remaining  in  the  ground  is  a  simple  business  procedure  to  safe- 
guard the  general  welfare  and  the  prosperity  of  the  republic.  The 
rumored  danger  of  failure,  in  the  near  future,  of  the  foreign  supply  on 
which  we  depend  in  constantly  increasing  amounts  makes  the  immediate 
review  of  our  available  reserves  the  more  imperative. 

The  Director  of  the  U.  S.  Geological  Survey,  in  March,  1921,  requested 
the  American  Association  of  Petroleum  Geologists  to  cooperate  in  the 
preparation  of  new  estimates  of  the  oil  remaining  in  the  ground.  With 
the  members  of  this  cooperative  committee,  state  geologists,  regional 
geologists,  consulting  specialists,  and  geologists  and  engineers  attached 
to  many  companies  worked  both  independently  and  through  sub- 
committees. The  reports  for  districts,  counties,  fields,  etc.,  after  review 
by  local  or  state  committees,  were  discussed  by  the  joint  cooperative 
committee  in  conferences  that,  in  some  instances,  were  attended  by  the 
original  compilers  of  estimates  for  the  states  or  smaller  areas.  Finally 
the  data  were  reviewed  and  the  figures  revised  by  the  joint  cooperative 
committee,  so  that  the  totals  given  in  Table  1  represent  the  opinion  of 
the  committee,  which  was  composed  of  F.  W.  DeWolf,  W.  E.  Wrather, 
Roswell  H.  Johnson,  Wallace  A.  Pratt,  Alexander  W.  McCoy,  Carl  H. 
Beal,  C.  T.  Lupton,  G.  C.  Matson,  K.  C.  Heald,  W.  T.  Thom,  Jr., 
A.  E.  Fath,  Kirtley  F.  Mather,  R.  C.  Moore,  and  David  White,  chairman. 

Oil  geologists  and  engineers  understand  well  the  speculative  nature 
and  the  chances  of  error  that  must  attend  estimates  of  the  petroleum  in 
the  ground  when  they  cover  not  merely  prospective  territory,  but  possil>le 
territory.  Neither  the  character  nor  the  magnitude  of  the  factors  of 
uncertainty  is  to  be  disguised.  Further,  the  inevitable  differences  of 
opinion  between  geologists  of  equal  rank  and  experience  must  also  be 

*  Chief  Geologist,  U.  S.  Geological  Survey. 
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taken  into  account.  Against  Ihese  must  be  placed  the  personnel  of  the 
committee  and  the  advantage  of  full  discussion  and  conferences  attended, 
in  most  cases,  by  geologists  especially  familiar  with  the  regions  in  question; 
and  the  fact  that  the  figures  published  represent  the  combined  individual 
judgments  of  the  members  of  the  committee.  The  estimates  given  are 
undoubtedly  based  on  more  complete  data  compiled  by  better  methods 
than  those  previously  prepared  for  this  country.  No  such  appraisal 
has  been  prepared  for  any  other  country;  for  most  countries,  the  develop- 
ment and  the  records  of  tests,  exploration  and  production  are  not  so  long 
established  nor  so  adequate  for  such  calculations.  These  estimates,  the 
preparation  of  which  extended  through  the  greater  part  of  a  year,  may 
be  regarded  as  the  best  now  obtainable. 

Table  1. — Estimated  Oil  Reserves  of  the  United  States,  by  States  or  Regions, 
January  1,  1922,  Millions  of  Barrels  of  42  Gal. 

New  York 100 

Pennsylvania 260 

West  Virginia 200 

Ohio 190 

Indiana  and  Michigan 70 

Illinois 440 

Kentucky,    Tennessee,    northern    Alabama,    and    northeastern 

Mississippi 175 

Missouri,    Iowa,    North    Dakota,    Wisconsin,    and     Minnesota      40 

Kansas 425 

Oklahoma 1,340 

Northern  Louisiana  and  Arkansas 525 

Texas,  except  Gulf  coast 670 

Gulf  coast,  Texas,  and  Louisiana 2,100 

Colorado,  New  Mexico,  and  Arizona 50 

Wyoming 525 

Montana,  Nebraska,  and  South  Dakota 100 

Utah,  Nevada,  Oregon,  Washington,  and  Idaho 80 

Cahfornia 1,850 

Eastern  Gulf  coastal  plain  and  Atlantic  coast  states 10 


9,150 


Of  these  9,150,000,000  bbl.  of  oil  over  4,000,000,000  bbl.  are  in  the 
heavy-oil  group,  including  fuel  oils,  and  5,000,000,000  bbl.  in  the  light-oil 
classes.  The  Lima-Indiana  field  is  credited  with  40,000,000  bbl.,  and 
approximately  725,000,000  bbl.  are  believed  to  remain  in  the  Appalachian 
states.  These  estimates  relate  to  oil  in  the  ground  recoverable  by  present 
methods.  It  was  the  unanimous  conclusion  of  the  committee  that, 
except  for  small  areas  in  western  New  York  and  northern  Pennsylvania 
where  "water  drive"  has  long  been  in  operation,  any  attempt  to  forecast 
quantitatively  the  increased  recovery,  perhaps  40-80  per  cent.,  to  be 
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won  in  the  different  regions,  fields,  and  pools  by  improved  methods  of 
recovery  would  introduce  an  element  of  uncertainty  far  greater  than  that 
entering  into  the  present  estimates. 

The  total  exceeds  the  estimate  last  pubhshed  by  the  writer  by  2,000,- 
000,000  bbl.  The  anomaly  of  growing  estimates  simultaneous  with 
exhausting  resources  is  explained  by  the  widespread  wildcatting  during 
and  since  the  war;  by  the  vastly  greater  volume  of  information  touching 
all  areas  available  for  use  by  a  larger  and  more  diverse  body  of  oil  geolo- 
gists in  the  committee;  by  the  more  thorough  methods  of  calculating  oil 
reserves  and  the  experience  developed  in  their  use;  and  by  the  fact  that 
the  earlier  estimates  were  far  more  conservative. 

It  is  more  than  probable  that,  in  most  instances,  the  actual  yields  of 
the  producing  states  will  exceed  the  estimates,  but  it  is  equally  probable 
that  for  the  older  producing  states  the  excess  will  not  be  large  compared 
to  the  whole  amount.  Greater  uncertainty  attends,  of  course,  the 
states  of  present  small  production  and  less  complete  exploration  and 
development. 

It  is  not  regarded  advisable  by  the  committee  to  make  public  the 
details  of  allotments  for  non-producing  regions.  Such  publication  would 
inevitably  lead  to  abominable  stock  promotion  as  weU  as  unnecessary 
losses  by  misguided  but  honest  individuals  and  communities.  It  may, 
however,  be  of  interest  to  note  certain  views  of  the  committee: 

1.  The  recovery  of  oil  in  commercial  amounts  cannot  be  expected  in 
areas  where  the  rocks  are  metamorphic,  igneous,  or  too  far  altered,  as 
indicated  by  the  stage  of  carbonization  of  the  organic  debris  in  the  strata. 

2.  Fresh-water  deposits,  such  as  some  of  the  Tertiary  formations  of 
the  Great  Basin  and  the  Northwest,  are  not  wholly  without  oil  possibili- 
ties, though  the  attitude  of  the  oil  geologists  in  regard  to  such  deposits  is 
far  from  optimistic. 

3.  The  Triassic  of  the  Atlantic  states,  on  account  of  its  generally 
strongly  folded  and  sometimes  shattered  condition,  its  general  composi- 
tion, and  the  data  available  as  to  its  stage  of  alteration,  is  given  little 
value  even  in  its  deeper  basins.  For  this  reason  as  well  as  their  wide- 
spread regional  alteration,  the  New  England  states  are  practically 
excluded  from  the  possible  oil  territory  of  the  country,  though  it  is  con- 
ceded that  conditions  possibly  favorable  to  oil  may  eventually  be  found 
in  the  Upper  Paleozoic  of  a  portion  of  northern  Maine. 

4.  The  absence,  so  far  as  at  present  known,  of  buckling  of  the  Cre- 
taceous and  Tertiary  formations  of  the  Atlantic  coastal  plain  into  well- 
developed  antichnes  and  domes,  and  the  relative  thinness  of  the  aggregate 
post-Triassic  deposits  in  most  of  this  area  offer  Httle  hope  for  appreciable 
amounts  of  oil  in  this  great  region. 

5.  The  relative  alteration  of  the  Paleozoic  beds  of  the  Upper  Peninsula 
of  Michigan  and  of  Minnesota,  the  restrictions  as  to  thickness  of  the 
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post-Paleozoic  formations,  and  the  apparent  lack  of  folding  in  the  latter 
exclude  these  regions  from  the  possible  oil  territory  of  the  country. 
On  the  other  hand,  the  committee  has  considered  and,  in  most  cases,  made 
allowances  for  possible  occurrences  of  oil  in  older  formations,  including 
deeper  sands  than  those  now  productive. 

No  estimate  is  submitted  for  Alaska,  as  to  which  recent  geologic 
reports  are  in  general  very  favorable. 

It  may  be  noted  that  the  oil  reserves  of  the  United  States,  as  estimated 
by  the  committee,  comprise  one-seventh  of  the  oil  reserves  of  the  world, 
as  estimated  by  Stebinger  and  White.  From  these  figures,  it  would 
appear  that  this  country,  with  an  original  content  of  about  14,000,000,- 
000  bbl.,  was  much  fuller  of  oil  than  other  parts  of  the  earth  or,  which  is 
more  probable,  the  estimates  for  some  of  the  other  countries  are 
too  low. 

Contrary  to  the  statement  that  the  oil  reserves  of  the  United 
States  will  be  exhausted  in  20  years,  a  long  time  will  be  required  for 
the  exhaustion  of  our  oil  fields.  Though  the  estimated  reserves  would 
not  survive  20  years  if  they  could  be  made  available  so  quickly  as 
to  meet  the  demands,  even  at  the  present  rate  of  consumption,  some 
of  the  oil  pools  are  not  likely  to  be  discovered  within  a  generation 
and  some  will  be  producing  75  years  from  now.  Therefore,  if  the 
oil  cannot  be  so  rapidly  found  and  extracted  from  the  ground,  we  must 
the  sooner  pass  a  point  beyond  which  will  follow  a  long,  though 
naturally  variable,  decline. 

As  our  domestic  production  has  been  increasing  annually  a  little 
more  than  6  per  cent,  during  normal  years,  with  occasional  special  jumps, 
a  much  larger  increase  in  the  amount  of  imported  oil  has  been  necessary 
to  fill  the  gap  between  domestic  production  and  domestic  requirements. 
While  the  output  of  the  fields  in  the  United  States  in  1913  was  248,000,- 
000  bbl.,  an  11  per  cent,  increase  over  that  of  the  preceding  year;  in 
1918,  356,000,000  bbl.,  6  per  cent,  increase;  1919,  378,000,000  bbl.,  6 
per  cent,  increase;  1920,  443,000,000  bbl.,  17  per  cent,  increase;  and  1921, 
470,000,000  bbl.,  6.1  per  cent,  increase;  our  importations  of  petroleum, 
mainly  from  Mexico,  for  the  same  years  were,  respectively,  18,000,000 bbl., 
141  per  cent,  increase;  38,000,000  bbl.,  25  per  cent,  increase;  53,000,000 
bbl.,  40  per  cent,  increase;  106,000,000  bbl.,  101  per  cent,  increase;  and 
125,000,000  bbl.,  18.2  per  cent,  increase.  The  situation  is  as  alarming  as 
it  is  striking. 

We  must  have  foreign  oil.  On  the  other  hand,  the  importation  of 
foreign  oil  may  reach  a  point  that,  through  oversupply,  is  harmful  to  the 
oil  industry  of  one  part  of  the  United  States,  however  profitable  it  may 
be  to  another.  The  effects  of  oversupply  on  our  domestic  production 
last  year  cannot  be  accurately  appraised,  for  one  cannot  readily  calculate 
the  quantity  nor  the  market  prices  of  oil  that  would  have  been  produced 
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in  the  United  States  in  1921  had  there  been  a  deficiency  of  oil  for  importa- 
tion. Such  a  deficiency,  it  is  reasonable  to  believe,  will  be  experienced 
when  Mexican  production  is  forced  to  shift  from  a  comparatively  small 
number  (say  300)  of  stupendously  spectacular  gushers  to  wells  more 
nearly  of  the  normal  type.  An  idea  of  the  magnitude  of  the  task  of  devel- 
oping 175,000,000  bbl.  of  annual  production  in  Mexico  from  wells  of  the 
ordinary  types  and  the  years  required  may  be  drawn  from  the  fact  that 
in  1908,  when  the  production  of  the  United  States  first  reached  that 
amount,  over  140,000  wells  contributed  the  oil.  Geologists  may  forecast 
the  geologic  possibilities  of  future  Mexican  production  from  salt  domes, 
from  anticlinal  sands,  or  from  cavernous  limestones,  but  only  the  driller 
and  the  oil-field  engineer  can  calculate  approximately  the  great  deductions 
to  be  made  in  this  number  of  wells  on  account  of  necessary  rapidity  of 
development,  freshness  of  production,  etc.  No  one  can  forecast  the  effi- 
ciency of  the  oil  companies  and  the  measure  of  their  success  in  insuring 
the  oil-using  industries  against  an  hiatus  in  oil  production  in  Mexico. 
The  peak  of  production  in  the  United  States  is  likely  to  be  passed  during 
the  esivly  part  of  the  period  of  overtaxing  strain  on  the  American  oil 
fields  consequent  to  the  pronounced  deficiency  of  imported  oil,  which  in 
turn  may  be  expected  to  result  from  the  slump  that  must  some  day  come 
in  Mexican  production.  If  sufficient  time  is  given  for  the  development 
in  other  regions  of  oil  available  to  our  people  before  Tamosopo  gusher 
supplies  are  too  far  exhausted,  and  if  this  time  is  diligently  utilized  by 
American  oil  companies,  the  strain  in  the  domestic  oil  market  will  be  less 
acute  and  less  disastrous. 

Meanwhile  a  method  should  Ije  devised  by  which  through  the  purchase 
by  some  branch  of  the  Government,  such  as  the  Navy,  of  oil,  in  relatively 
small  quantities  but  in  the  most  effective  regions,  in  periods  of  oversupply 
like  that  of  last  year,  oil  prices  in  the  United  States  may  be  stabiHzed 
and  the  oil  producer  saved  from  bankruptcy,  while  the  Government  will 
profit  through  the  purchase  for  storage  of  oil  in  periods  of  low  prices. 
In  considering  this  question,  which  is  one  of  sound  economics  and  of 
conservation  as  well  as  of  good  business  principles  and  management,  the 
fact  that  the  United  States  is  dependent  on  foreign  sources  for  petroleum 
with  which  to  carry  on  its  industrial  and  social  programs  must  not  be 
lost  sight  of,  even  momentarily.  The  dependence  of  the  United  States 
on  foreign  oil  is  a  reality,  and  as  time  goes  on  the  extent  to  which  this 
dependence  may  become  more  fully  absolute  depends  not  on  the  discovery 
and  substitution  of  some  vegetable  product,  such  as  alcohol,  but  on  the 
extent  to  which  the  production  of  liquid  hydrocarbons  as  byproducts  of 
the  better  use  of  our  coals,  and  the  successful  distillation  of  American 
oil  shales,  can  be  made  to  fill  the  void.  The  prevention  of  waste  of 
petroleum  and  its  products  and,  especially,  the  development  and  applica- 
tion of  methods  for  the  larger  recovery  of  the  oil  in  the  ground  will  go 
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far  in  deferring  our  period  of  greatest  dependence  on  foreign  oil,  wMle 
contributing  to  our  national  efficiency  and  prosperity.  Finally,  however, 
it  would  appear  that  not  even  the  acquisition  of  foreign  oil  supplies  which, 
combined  with  better  extraction  and  better  use  of  our  own  oils,  may  for 
many  years  postpone  the  evil  day,  can  prevent  the  ultimate  realization 
of  the  need  for  artificial  petroleum  or  its  substitutes. 
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Future  Demands  on  Oil  Industry  of  United  Slates* 

By  Joseph  E.  Pogue,  New  York,  N.  Y. 

(New  York  Meeting,  February,  1922) 

In  1920,  531  million  barrels  of  crude  petroleum  were  consumed  in  the 
United  States.  As  imposing  as  this  figure  is,  the  fact  that  the  domestic 
consumption  of  crude  petroleum  has  increased  at  an  average  rate  of  10 
per  cent,  a  year  for  the  past  decade  is  more  striking.  Will  this  rate  of 
increase  in  demand  continue?  If  so,  the  year  1930  will  call  for  1260 
million  barrels  of  petroleum — a  staggering  volume.  On  the  other  hand, 
may  we  expect  the  demand  for  petroleum  to  grow  as  rapidly  as  it  did  when 
the  automotive  industry  was  having  its  most  phenomenal  expansion?  If 
not,  to  what  extent  will  the  growth  of  oil  requirements  decrease?  When 
and  to  what  degree  will  the  petroleum  industry  become  affected  by  the 
economic  law  of  diminishing  returns?  Obviously,  this  matter  requires 
careful  analysis,  especially  as  both  national  and  industrial  planning  must 
be  predicated  upon  present  estimates  of  the  requirements  of  the  future. 
The  purpose  of  this  paper,  accordingly,  is  to  project,  as  closely  as  present 
limitations  of  knowledge  permit,  the  course  of  the  demand  for  petroleum 
in  the  United  States  over  the  next  ten  years. 

At  first,  the  problem  of  estimating  the  future  of  a  demand  as  complex  as 
that  for  petroleum  might  appear  insoluble.  Fortunately,  however,  there 
are  several  scientific  methods  of  approaching  the  problem,  centering  around 
a  study  of  rates  of  industrial  growth,  which  lend  considerable  hope  that 
the  requirements  of  the  immediate  future  in  this  field  may  be  approxi- 
mated with  sufficient  closeness  to  have  practical  value  as  a  basis  of  action. 

Growth  of  Petroleum  Demand 

The  demand  for  crude  petroleum  is  the  resultant  of  the  demands  for 
the  products  made  jointly  from  this  substance — gasoline,  kerosene,  gas 
and  fuel  oil,  and  lubricating  oils.    The  demands  for  these  have  grown  at 

*  The  writer  desires  to  acknowledge,  with  appreciation,  his  indebtedness  for 
suggestions  and  information  in  the  preparation  of  the  present  analysis  to:  Prof.  H.  L. 
Moore,  Columbia  University;  Mr.  R.  B.  Prescott,  Class  Journal  Co.;  and  Mr.  Carl 
Snyder,  Federal  Reserve  Bank  of  New  York. 
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different  rates,  as  shown  in  Fig.  1,  which  depicts  on  a  semilogaiithmic,  oi 
ratio,  scale  the  domestic  consumption  of  the  four  major  products  for  all 
years  for  which  there  is  a  statistical  record.^     On  this  chart,  the  slopes  of 
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Fig.  1. — RELATrvE  rates  of  growth  of  domestic  consumption  of  principal 

PETROLEUM     PRODUCTS     1899-1920,     SHOWING    DOMINANT    GROWTH    OF    DEMAND     FOR 
GASOLINE. 


the  curves  are  proportional  to  the  rates  of  growth,  and  the  demand  for 
crude  petroleum  is  thus  analyzed  into  its  component  parts.  The  demand 
for  gasoline,  of  recent  years,  has  grown  more  rapidly  than  that  for  fuel  oil 
and  much  more  rapidly  than  the  demands  for  kerosene  and  lubricating 


'  Domestic  consumption  is  taken  as  the  index  of  demand,  exports  being  eliminated 
from  consideration  in  the  present  problem  as  not  being  a  fundamental  demand  upon 
the  American  petroleum  industry. 
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oils.2     Gasoline  has  become  the  leading  product,  setting  the  pace  for  the 
quantity  of  crude  petroleum  needed. 

The  data  on  which  Fig.  1  is  based  are  presented  in  Table  1.     In 
Table  2  is  shown  the  relative  consumption  of  the  major  petroleum  prod- 
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Fig.  2. — Relative  rates  of  growth  of  supply  of  crude  petroleum  and 
production  of  gasoline  1909-1920,  showing  degree  to  which  output  of  gaso- 
line is  outdistancing  domestic  production  of  crude  petroleum. 

ucts  for  the  period  1914-1920,  in  percentages  of  the  figures  in  1914. 
Here,  again,  the  extent  to  which  the  consumption  of  gasoline  has  forged 
ahead  of  the  other  products  is  unmistakably  shown.  Taking  1914  as  a 
base,  this  product  shows  a  total  advance  of  230  per  cent,,  as  compared 

2  The  disparity  in  rates  of  growth  is  clearly  apparent  in  Fig.  1,  with  the  possible 
exception  of  the  comparison  between  gasoline  and  fuel  oil.  By  fitting  a  straight  hne 
by  the  method  of  least  squares  to  the  period  1914-1920,  on  each  of  these  curves,  it 
may  be  determined  that  the  annual  rate  of  increase  in  consumption  during  this  time 
averaged  23.07  per  cent,  for  gasoline  and  18.41  per  cent,  for  fuel  oil  The  equations 
representing  the  normal  trend  of  consumption  of  gasoline  and  fuel  oil  for  19 14:- 1920 
are  y  =  2328  X  1.2307*  (origin  at  1917)  and  y  =  4906  X  1.1841*  (origin  at  1917), 
respectively. 
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with  162  per  cent,  for  fuel  oil,  88  per  cent,  for  lubricating  oils,  and  52  per 
cent,  for  kerosene. 

Relation  of  Gasoline  to  Crude  Petroleum 

Having  observed  the  degree  to  which  the  domestic  consumption  of 
gasoline  is  outdistancing  the  other  petroleum  products  in  point  of  growth, 
we  may  examine  the  relationship  that  obtains  between  gasohne  and  crude 
petroleum,  keeping  clearly  in  mind  that  we  are  concerned  with  relative 
rates  of  growth,  not  absolute  magnitudes.  For  this  purpose,  it  is  desir- 
able to  separate  the  supply  of  crude  petroleum  into  domestic  production 
and  imports,  and  to  plot  against  these  factors  the  domestic  production 
of  gasoline.  The  growths  of  these  three  important  items  are  com- 
pared, in  Fig.  2,  on  a  semilogarithmic  scale,  and  to  facilitate  comparison 
the  figures  representing  domestic  production  of  crude  petroleum  are 
divided  by  5  before  plotting.  This  procedure  not  only  lowers  the  curve 
(without  affecting  its  slope)  to  a  convenient  position  on  the  chart,  but 
makes  it  possible  for  the  curve  to  depict  both  the  output  of  crude 
petroleum  and  the  approximate  natural-gasoline  content  of  this  output.' 

Table  2. — Relative  Consumption  of  Petroleum  Products  in  United 

States,  1914-1920 

{Consumption  in  1914  =  100) 


Gasoline 

Kerosene 

Gas  and  Fuel  Oil 

Lubricating  Oils 

1914         ' 

100             ' 

'             100 

100 

100 

1915 

1916 

122 

65 

122 

112 

1917 

182 

116 

184             1 

145 

1918 

242 

157 

200 

179 

1919 

266 

152 

231 

176 

1920 

330 

152 

262 

188 

The  rates  of  growth  of  the  curves  in  Fig.  2  may  be  accurately  deter- 
mined by  calculating,  by  the  method  of  least  squares,  the  normal  trend 
of  the  data  given  in  Table  3 ;  the  results  are  shown  in  Table  4.  The  point 
to  be  especially  noted  is  that  the  domestic  production  of  crude  petroleum 
has  been  increasing  at  an  average  rate  of  7.6  per  cent,  a  year;  the  domestic 
production  of  gasoline,  21.87  per  cent,  a  year;  and  the  imports  of  crude 
petroleum,  72.3  per  cent,  a  year.  If  this  country  should  continue  to 
import  crude  petroleum  at  this  rate,  the  imports  for  1930  would  be  50.3 

'  The  ratio  of  gasoline  production  to  crude  run  to  stills  was  19.8  per  cent,  in  1916, 
a  j^ear  when  the  gasoline  supply  was  only  slightly  affected  by  increments  from  cracking, 
casing-head  gasoline,  etc.  This  ratio  grew  to  21.5  per  cent,  in  1917,  26.1  per  cent,  in 
1918,  24.9  per  cent,  in  1919,  and  24.3  per  cent,  in  1920.  The  slight  decline  in  1919 
and  1920  was  due  to  the  large  influx  of  Mexican  oils. 


964  FUTURE   DEMANDS    ON    OIL   INDUSTRY   OF    UNITED   STATES 

billion  barrels!  Such  a  statement,  of  course,  is  of  value  merely  to  empha- 
size the  abnormality  of  the  rate  that  has  characterized  the  development  of 
the  Mexican  fields  over  the  past  decade ;  such  a  rate  cannot  be  maintained 
for  any  extractive  industry. 

Fig.  2  shows  a  second  relationship  of  importance — the  turning  point  in 
the  economic  status  of  gasoline  that  came  in  1917,  approximately.  Prior 
to  1917,  the  quantity  of  crude  petroleum  produced  in  the  United  States 
contained  more  gasoline  than  was  required.  Since  then,  the  natural 
gasoline-producing  capacity  of  the  domestic  output  has  fallen  behind 
motor-fuel  requirements  to  the  degree  roughly  expressed  by  the  angle 
between  the  two  curves  in  Fig.  2.  The  gap  has  been  filled  by  imports 
and  a  factor  that  may  be  designated  "new  technology,"  by  which  is  meant 
cracking,  casing-head  gasoline,  change  in  end  point,  etc. 

We  have  now  established,  and  given  measurements  therefor,  that 
the  demand  for  gasoline  has  grown  more  rapidly  than  the  demands  for 
other  products  of  petroleum,  that  the  demand  for  petroleum  is  primarily 
determined  by  the  demand  for  gasoline,  and  that,  in  spite  of  the  remark- 
able growth  of  domestic  crude-oil  output,  the  mounting  gasoline  require- 
ments have  already  called  into  action  new  technology  and  phenomenally 
increasing  imports  of  raw  material.  Such,  in  outline,  is  the  situa- 
tion from  which  we  must  view  the  future.  Our  problem  is  to  project 
these  trends  as  accurately  as  may  be,  taking  into  account  such  modifying 
factors  as  may  be  measured  and  appraised. 

Table  3. — Production  of  Crude  Petroleum  and  Gasoline,  Together  with 

Imports  of  Crude  Petroleum,  in  the  United  States,  hy  Years,  1909-1920 

(In  millions  of  barrels) 


Domestic  Production  of 

Domestic  Production  of  , 

Imports  of  Crude 

Crude  Petroleum*       i 

Gasoline<>                j 

Petroleum* 

1909 

183 

12.9 

0.07 

1910 

210 

d                              1 

0.56 

1911 

220 

' 

1.71 

1912 

223 

a 

7.38 

1913 

248 

d 

17.81 

1914 

266 

35.8 

17.25 

1915 

281 

d 

18.14 

1916 

301 

49.0 

20.57 

1917 

335 

67.9 

30.16 

1918 

356 

85.0 

37.74 

1919 

'                378 

90.0 

52.82 

1920 

i                 443 

105.4 

106.18 

•»  U.  S.  Geological  Survey. 

*  U.  S.  Census  of  Manufactures  (1909,  1914)  and  U.  S.  Bureau  of  Mines. 

'  U.  S.  Bureau  of  Foreign  and  Domestic  Commerce. 

<*  No  data  available. 
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Table  4. — Normal  Trend  of  Domestic  Production  of  Crude  Petroleum  and 
Gasoline,  and  hnports  of  Crude  Petroleum,  1909-1920 


Item 


Unit 


Period      i  Equation  to  Nor- 
Covered  mal  Trend 


Domestic     production     of     crude 

petroleum 

Imports  of  crude  petroleum 


Domestic  production  of  gasoline . . 


/-)••_ I  Normal  Annual 
**    ;        Increase 


Million  I   1909-1920     y  =267    X1.076'    |   1914 

barrels 

Million      1910-1920     y  =14.3  XI. 723'    !   1915 

barrels  | 

Million     1909,  1914, 

barrels      1916-1920 


»=51. 9X1. 2187*     1916 


7 . 6  per  cent. 
72.3  per  cent. 
21.87  percent. 


Empiric  Methods  of  Forecasting  Demand 

The  simplest  method  of  estimating  future  demand  is  by  projecting 
current  trend  into  the  future.  Thus,  consumption  for  a  recent  period, 
say  the  past  ten  years,  may  be  plotted,  an  equation  calculated  that  gives 
a  good  fit  to  the  data,  and  the  future  consumption  for  any  given  date 
calculated  therefrom.  Such  equations  are  empiric,  determined  wholly 
from  the  data  in  the  past,  and,  as  well  known  in  the  physical  sciences,  are 
unreliable  for  extrapolation  beyond  the  Hmits  of  the  observations. 
Empiric  methods  may  be  used  for  projecting  economic  data  only  with  the 
utmost  caution  and  then  only  for  a  short  time  ahead.  Such  methods, 
however,  are  those  generally  used  in  forecasting  and  are  applied  to  this 
problem,  even  though  the  results  may  finally  be  rejected.  Empiric 
methods  have  the  prime  advantage  of  ehminating  the  personal  equation; 
the  results  are  identical,  irrespective  of  the  investigator;  but  the  method 
eliminates  good  judgment  as  well  as  bad. 

Empiric  Projection  of  Crude  Consumption 
The  annual  consumption  of  crude  petroleum  in  the  United  States  for 
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Fig.  3. — Empiric  projection  op  demand  for  crude  petroleum  in  United 
States  determined  by  fitting  a  straight  line  to  data  by  method  of  least 
squares. 

the  ten-year  period,  1911-1920,  is  shown  in  Table  5,  together  with  the 
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method  of  calculating  cousumption ;  the  figures  arc  taken  from  a  report  by 
G.  B.  Richardson  of  the  U.  S.  Geological  Survey.  The  increasing  quantity 
of  crude  petroleum  consumed  may  be  interpreted  as  an  arithmetic  growth 
or  else  as  a  geometric  progression  of  even  or  accelerating  rate.  First  a 
straight  line,  then  a  compound-interest  curve,  and  finally  a  parabola  were 
fitted  to  the  data  by  the  method  of  least  squares,  the  equations  of  these 
curves  determined,  and  extrapolated  values  for  1925  and  1930  calculated. 
The  results  are  given  in  Table  6,  while  the  straight-line  and  compound - 
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Fig.  4. — Empiric  projection  of  demand  for  crude  petroleum  in  United 
States  determined  by  fitting  a  compound-interest  curve  to  data  by  method 
of  least  squares. 
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interest  curve  are  shown  in  Figs.  3  and  4.  It  will  be  observed  that  the 
extrapolated  values  are  greater  in  the  case  of  the  compound-interest  curve 
and  still  greater  for  the  parabola. 

The  method  of  least  squares  is  such  that  an  equation  determined 
thereby  yields  deviations  the  sum  of  whose  squares  is  a  minimum.  A 
comparison  of  the  deviations  for  the  three  curves  is  made  in  Table  7, 
where  it  is  apparent  that  the  parabola,  with  a  mean  square  deviation  of 
299,  fits  the  data  more  closely  than  the  compound-interest  curve,  with  a 
mean  square  deviation  of  440,  and  that  this,  in  turn,  gives  a  closer  fit 
than  the  straight  line,  with  a  mean  square  deviation  of  800.  But  this 
fact  does  not  mean  that  either  the  parabola  or  the  compound-interest 
curve,  if  extended,  will  show  more  correctly  than  the  straight  line  the 


JOSEPH   E.    POGUE 


967 


Table  5. — Crude  Petroleum  Data  for  United  States,  by  Years,  1911- 

1920 
{In  millions  of  barrels) 


1 

'           Domestic 
Production 

Imports 

Stocks,  Deo.  31 

Domestic 
Consumption" 

1911 

220 

1.71 

137 

211 

1912 

223 

7.38 

123 

240 

1913 

248 

17.8 

123 

262 

1914 

266 

17.2 

142 

261 

1915 

281 

18.1 

164 

273 

1916 

301 

20.6 

162 

319 

1917 

335 

30.2 

146 

378 

1918 

356 

37.7 

122 

413 

1919» 

378 

52.8 

128 

418 

1920» 

443 

106.2 

134 

531 

"  Domestic  production  plus  imports  minus  exports  plus  decrease  in  stocks  or 
minus  increase  in  stocks. 
'  Preliminary  figures. 

future  growth  of  crude  petroleum  consumption.*  It  is  the  writer's 
conclusion,  in  respect  to  the  case  in  hand,  that  extrapolation  with  any 
empiric  equation  is  subject  to  serious  error,  but  that  the  exponential  and 

Table    6. — Trend    of    Domestic    Consumption    of    Crude    Petroleum, 

by  Years,  1911-1920,  with  Extrapolations  for  1925  and  1930, 

According  to  Different  Equations 


Observed 
Consumption 

Calculated  Con.sumption 

Years 

Straigbt-line 

J/ =  31.98*+ 154.66 

Origin  at  1911 

Compound-interest 

Curve 

j/  =  187.9X1.10* 

Origin  at  1911 

Parabola 

J/ =  322+353!+ 

3.066a »  Origin  at 

1916 

1911 

211 

187 

207 

222 

1912 

240 

219 

228 

230 

1913 

262 

251 

250 

244 

1914 

261 

283 

275 

264 

1915 

273 

315 

303 

290 

1916 

319 

347 

333 

322 

1917 

378 

379 

366 

360 

1918 

413 

411 

403 

404 

1919 

418 

442 

443 

454 

1920 

531 

474 

487 

510 

1925 

634 

784 

880 

1930 

794 

1263 

1412 

*  For  an  analogous  conclusion  in  respect  to  pig  iron,  see  Indices  of  Business  Con- 
ditions, Review  of  Economic  Statistics  (Jan.,  1919),  16. 
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Table  7. — Comparison  of  Degree  of  Fit  of  a  Straight-line,  a  Compound- 
interest  Curve,  and  a  Parabola  to  Consumption  of  Crude  Petroleum, 

1911-1920 


Year 

Domestic 

Consumption 

of  Crude 

Petroleum 

Deviations  of  y  from 
Straight  Line 

Deviations  of  y  from 

Compound-interest 

Curve 

Deviations  of  y  from 
Parabola 

V 

a 

d* 

d 

d» 

d 

d« 

1911 

211 

24 

576 

4 

16 

-11 

121 

1912 

240 

21     ! 

441 

12 

144 

10 

100 

1913 

262 

11     1 

121 

12 

144 

18 

324 

1914 

261 

22 

484 

-14 

196 

-  3 

9 

1915 

273 

42 

1764 

-30 

900 

-17 

289 

1916 

319 

28 

784 

-14 

196 

-  3 

9 

1917 

378 

1 

1 

12 

144 

18 

324 

1918 

413 

2 

4 

10 

100 

9 

81 

1919 

418 

24 

576 

-25 

625 

-36 

1296 

1920 

531 

57 

3249 

44 

1936 

21 

441 

Sum 232  8000 

Mean  deviation '     23 . 2     ,     

Mean-square  deviation 800 

Standard  deviation  (<r) 28 . 3 


177 
17.7 


4401 

440 
21.0 


146 
14.6 


2994 

299 

17.3 


power  functions  are  more  unreliable  than  the  straight  line  for  extra- 
polating over  a  five-  or  ten-year  period. 

Empiric  Projection  of  Gasoline  Consumption 

The  domestic  consumption  of  gasoline  for  the  years  for  which  accurate 
statistics  are  available  is  shown  in  Table  8,  together  with  the  method  of 
calculating  this  item.  By  fitting  a  straight  line  to  the  data  by  the  method 
of  least  squares,  extrapolated  values  for  1925  and  1930  may  be  obtained 
as  shown  in  Fig.  5  and  in  Table  8.  The  results  are  given  for  what  they 
may  be  worth,  but  the  writer  again  calls  attention  to  the  limitations  of 
the  empiric  method. 

Empiric  Projection  of  Kerosene  Consumption 

The  domestic  consumption  of  kerosene  (see  Table  9  and  Fig.  1)  dis- 
plays a  recent  rate  of  growth  sharply  at  variance  from  that  of  the  other 
petroleum  products.  For  the  period  1918-1921,  the  trend  of  this  item 
has  been  downward.  Whether  this  downward  trend  is  temporary  or 
permanent  remains  to  be  seen;  good  arguments  in  favor  of  either  even- 
tuality are  available.  Accordingly,  a  straight  line  has  been  fitted  by  the 
method  of  least  squares,  first,  to  the  whole  period  1916-1920,  and  second, 
to  the  last  three  years  of  that  period  when  the  trend  was  downward. 
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The  shortness  of  a  three-year  period  as  a  basis  of  projection  is  recognized, 
and  the  results  are  shown  for  what  they  may  be  worth  without  comment 
as  to  their  probable  correctness. 
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Fig.  5. — Empiric  projection  of  demand  for  gasoline  in  United  States  deter- 
mined BY  fitting  a  straight  LINE  TO  DATA  BY  METHOD  OF  LEAST  SQUARES. 

Empiric  Projection  of  Fuel-oil  Consumption 
The  domestic  consumption  of  gas  and  fuel  oil  for  the  period  for  which 
accurate  statistics  are  available  is  shown  in  Table  10,  together  with  extra- 
polated values  for  1925  and  1930.  It  should  be  emphasized,  however,- 
that  an  empiric  projection  is  of  especially  doubtful  value  for  fuel  oil, 
because  of  technical  factors  such  as  the  salt-water  invasion  in  Mexico  and 
the  increase  in  use  of  cracking  methods  in  refining. 

Table  8. — Domestic  Consumption  of  Gasoline,  1916-1920,  Together  with 
Extrapolated  Values  for  1925  and  1930,  According  to  a  Straight- 
line  Projection  (y  =  623x  +  2986,  origin  at  1918)  Deter- 
mined from  Data  hy  Method  of  Least  Squares 
{In  millions  of  gallons) 


Year 

1 

Domestic 
Production" 

Imports' 

Exports'' 

Stocks'" 
End  of 
Period 

Change  in 
Stocks 

Domestic 
Consump- 
tion, 
Actual 

Domestic 
Consump- 
tion, Calcu- 
lated from 
Equation 

1916 

2,059 

3 

356 

327 

1,706<= 

1,740 

1917 

2,851 

10 

416 

412 

+  85 

2,360 

2,363 

1918 

3,570 

13 

559 

297 

-115 

3,139 

2,986 

1919 

!         3,958 

9 

372 

447 

-M50 

3,445 

3,609 

1920 

j         4,883 

46 

635 

462 

+  15 

4,279 

4,232 

1925 

'          

7,347 

1930 



10,462 

"  From  U.  S.  Bureau  of  Mines. 

*  From  U.  S.  Bureau  of  Foreign  and  Domestic  Commerce. 

*  Slight  erroi  introduced  because  change  in  stocks  is  not  known. 
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Table  9. — Domestic  Consumption  of  Kerosene  for  1916-1920,  with  Extra- 
polated Values  for  1925  and  1930,  According  to  Straight-line  Projection 
{y  =  154x  +  1186   for    1916-20,    and    y  =  -24a:  +  1420 
for  1918-20,  origin  at  1918)  Determined  by  Method 
of  Least  Squares 
(In  millions  of  gallons) 


Year 

Domestic 
Production" 

Exports'' 

Stocks" 

Change 
in  Stocks 

Domestic 
Consump- 
tion-, 
Actual 

Domestic  Consumption,  Calcu- 
lated from  Equation 

tf=  154a) -1-1 186 

tf=-24ai -1-1420 

1916 
1917 
1918 
1919 
1920 
1925 
1930 

1455 
1727 
1825 
2342 
2320 

855 
658 
491 
979 
862 

477 
498 
380 
339 
393 

+  21 
-118 
-  41 

+  64 

600<' 
1069'' 
1452 
1404 
1404 

878 
1032 
1186 
1340 
1494 
2264 
3034 

1444 
1420 
1396 
1276 
1156 

"  From  U.  S.  Bureau  of  Mines. 

*  From  U.  S.  Bureau  of  Foreign  and  Domestic  Commerce. 

•  Slight  error  introduced  because  of  probable  small  quantity  of  imports. 
'  Slight  error  introduced  because  change  in  stocks  is  not  known. 


Empiric  Projection  of  Luhricating-oil  Consumption 

The  domestic  consumption  of  lubricating  oils  for  the  period  for  which 
accurate  statistics  are  available  is  shown  in  Table  11,  together  with  extra- 
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Fig.  6. — Empihic  projection  of  demand  for  lubricating  oils  in  United 
States  determined  by  fitting  a  straight  line  to  data  by  method  op  least 
squares. 


polated  values  for  1925  and  1930  determined  by  fitting  the  equation  of  a 
straight  line  to  the  data  by  the  method  of  least  squares.  The  results 
are  shown  graphically  in  Fig.  6.  As  the  consumption  of  lubricating  oils 
is  made  of  two  components,  industrial  oils  and  motor  oils,  each  growing 
at  different  rates,  the  empiric  method  of  projection  given  is  not  apt  to 
yield  reliable  results. 


JOSEPH   E.    POGUE 


971 


Criticism  of  Empiric  Projections 

The  objection  to  empiric  methods  of  projection  is  that,  while  the 
results  may  closely  correspond  to  subsequent  conditions,  again  they  may 
not,  and  there  is  no  way  of  telling  in  advance  their  reliability  in  any  par- 
ticular instance.  Just  as  in  the  physical  sciences,  so  with  economic  data, 
empiric  equations  serve  admirably  for  interpolation  but  are  unreliable 
for  extrapolation.  The  problem  of  estimating  future  petroleum  require- 
ments has  been  attacked  empirically  in  order  to  show  what  may  be 
expected  if  present  tendencies  continue.  This  treatment  of  the  matter 
does  not,  and  cannot,  discriminate  as  to  whether  present  tendencies  are 
likely  to  continue  or  to  suffer  modification;  that  question  is  discussed 
later  in  this  paper. 

It  is  the  writer's  opinion  that  for  the  problem  in  hand,  the  straight- 
line  projection  is  more  reliable  than  either  the  compound-interest  curve 
or  the  parabola,  but  that  results  so  obtained  must  be  used  with  extreme 
caution,  and  that,  on  the  whole,  empiric  methods  do  not  offer  a  satis- 
factory solution  of  our  problem. 

Table  10. — Domestic   Consumption  of  Gas   and  Fuel   Oil,  1916-1920, 

Together  with  Extrapolated   Values  for   1925  and  1930  According 

to  Straight-line  Projection  (y  =  988a:  -\-  6064,  origin  at  1918) 

Determined  from  Data  by  Method  of  Least  Squares 

(In  millions  of  gallons) 


Year 


Domestic 
Production" 


Imports*      Exports' 


Stocks" 

End  of 

Year 


Change  in 
Stocks 


Domestic 
Consump- 
tion, Actual 


Domestic 
Consump- 
tion, Calcu- 
lated from 
Equation 


1916 
1917 
1918 
1919 
1920 
1925 
1930 


4,664 
6,513 
7,321 
7,627 
8,861 


15 

964 

721 

48 

1,124 

578 

38 

1,201 

659 

48 

618 

714 

64 

847 

847 

3.715« 

-143 

5,580 

+  81 

6,077 

+  55 

7,002 

4-133 

7,945 

4,088 
5,076 
6,064 
7,052 
8,040 
12,980 
17,920 


"  From  U.  S.  Bureau  of  Mines. 

*  From  U.  S.  Bureau  of  Foreign  and  Domestic  Commerce.  The  figures  under  imports  are  those 
classified  as  refined  oils  other  than  benzine,  gasoline,  and  naphtha;  they  are  assumed  by  author  to 
represent  dominantly  fuel  oil,  but  they  probably  also  include  a  little  kerosene. 

*  Slight  error  introduced  because  change  in  stocks  is  not  known. 


Rational  Methods  of  Fokecasting  Demand 

Although  future  requirements  may  be  estimated  by  projecting  ob- 
served rates  of  change,  by  appropriate  mathematical  methods,  no  allow- 
ance is  made  for  modifying  influences  that  may  affect  the  projected  rates 
of  growth.  Can  such  allowance  be  made  scientifically?  Can  we  utilize 
past  data  and  at  the  same  time  introduce  factors  drawn  from  outside  the 
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Table  11. — Domestic  Consumption  of  Lubricating  Oils,  1916-1920,  To- 
gether with  Extrapolated  Values  for  1925  and  1930,  According  to 
Straight-line  Projection  (y  =  59. 6x  +  521,  origin  at  191S) 
Determined  from  Data  hy  Method  of  Least  Squares 
{In  millions  of  gallons) 


Year 

Domestic 
Production"     j 

Exports' 

Stocks'" 

End  of 

Year 

Change  in 
Stocks 

Domestic 

Consumption, 

Actual 

Domestic 
Consumption, 

Calculated 
from  Equation 

1916 

625 

261 

364« 

402 

1917 

754 

280 

137 

.... 

474« 

461 

1918 

841 

257 

139 

+  2 

582 

521 

1919 

847 

275 

137 

-  2 

574 

581 

1920 

1047 

411 

161 

+24 

612 

640 

1925 

.... 

938 

1930 

...     . 

1236 

"  From  U.  S.  Biireau  of  Mines. 

'  From  U.  S.  Bureau  of  Foreign  and  Domestic  Commerce. 

'  Slight  error  introduced  because  change  in  stocks  is  not  known, 

data,  so  as  to  arrive  at  sounder  results  than  may  be  gained  from  the  rela- 
tively simple  methods  thus  far  reviewed  ?  Fortunately,  there  are  rational 
methods  that  hold  some  promise  in  this  connection. 

In  the  rational  approach  to  the  problem,  we  must  shift  our  attack  from 
the  rates  of  growth  of  the  quantities  of  mineral  oils  consumed  to  the  rates 
of  growth  of  the  industrial  and  transportation  activities  demanding 
these  products.  And,  in  the  interest  of  brevity,  we  may  simplify  the 
problem  by  limiting  our  consideration  to  gasoline,  on  the  assumption 
that  all  other  petroleum  requirements  are,  for  the  time  being, ^  subordinate 
to  the  need  for  motor  fuel. 

Car  Density  Method  of  Projecting  Gasoline  Requirements 

An  estimate  of  the  growth  of  motor-vehicle  registrations  to  1940  was 
recently  worked  out  on  the  basis  of  an  assumed  car  density  for  that  year 
and  the  results  plotted  as  a  projected  curve. ^  The  projection  was  calcu- 
lated by  observing  that  in  1919  the  car  density  in  California  was  one  car 
for  every  6.07  persons,  in  Iowa  one  car  for  every  6.12  persons,  and  in 
Nebraska  one  car  for  every  6.54  persons;  assuming  that  in  1940  there 
would  be  one  motor  vehicle  for  every  5  persons,  the  total  number  of 
vehicles  being  equally  divided  between  passenger  cars  and  trucks; 
using  the  projected  curve  of  population  worked  out  by  the  engineers 

*  Lubricants  are  probably  universally  recognized  as  fundamentally  more  impor- 
tant than  motor  fuel,  but  there  is  no  immediate  problem  of  lubricant  supply  so  long 
as  crude  petroleum  in  excess  of  the  requirements  of  lubrication  is  available. 

*  The  investigation,  made  by  the  Commercial  Research  Department  of  the 
Franklin  Automobile  Company,  was  briefly  described  in  Automotwe  Industries  (Apr. 
28,  1921),  894-896. 
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of  the  New  York  Telephone  Co. ;  and  plotting  a  smooth  curve  from  the 
observed  data  of  1910-1919  to  the  j^ear  1940,  so  as  to  reach  the  assumed 
ratio  of  vehicles  to  population  on  that  date.  The  purpose  of  the  investi- 
gation was  not  to  forecast  results  for  so  remote  a  period  as  1940,  but  to 
obtain  workable  figures  for  a  few  years  ahead.  The  theory  is  that  if  the 
assumption  of  the  ultimate  ratio  is  made  for  a  date  far  enough  ahead, 
even  a  material  error  in  that  assumption  would  not  seriously  alter  the 
forecast  for  the  next  few  years. 

According  to  this  projection,  there  will  be  in  use  in  1925  approximately 
10,000,000  passenger  cars  and  5,100,000  trucks;  and  in  1930,  about 
12,200,000  passenger  cars  and  9,200,000  trucks.  If  we  multiply  the 
number  of  cars  by  the  average  annual  consumption  of  gasoline  per  unit 
and  make  a  similar  calculation  for  trucks,^  we  will  arrive  at  an  estimate  of 
automotive-fuel  requirements  for  1925  and  1930,  as  shown  in  Table  12. 

Table  12. — Estimated  Domestic  Consumption  of  Gasoline,  in  1925  and 
1930,  on  Basis  of  Automotive  Projections  made  by  Commercial  Re- 
search Department  of  Franklin  Automobile  Co.  and  Present 
Estimated  Consumption  Factors 
{In  millions  of  gallons) 

Yg„-  Estimated  Consumption  by    Estimated  Consumption  by    Estimated  Consumption  by 

I  Passenger  Cars  I  Trucks  Cars  and  Trucks 

1925  3,350  5,100  j  8,480 

1930  4,087  9,200  i  13,287 

The  calculation  as  given  above,  while  having  points  of  interest,  is 
subject  to  criticism.  In  the  first  place,  the  assumption  that  the  ratio  of 
motor  vehicles  to  population  in  1940  will  be  1  to  5  for  the  country  as  a 
whole  is  scarcely  justified  on  the  basis  of  a  present  attainment  of  1  to  6 
in  certain  highly  individualistic  states.  In  the  second  place,  the  assump- 
tion that  the  number  of  motor  vehicles  in  1940  will  be  evenly  divided 
between  passenger  cars  and  trucks  is  open  to  question,  as  making  both 
cars  and  trucks  a  like  function  of  population,  whereas  the  two  are  un- 
doubtedly subject  to  different  limitations.  While  recognizing  the  value  of 
this  projection  for  certain  purposes,  therefore,  the  writer  does  not  accept 
the  results  as  a  satisfactory  solution  of  the  problem  in  hand. 

Use  of  Prescott  Formula  in  Projecting  Gasoline  Requirements 

R.  B.  Prescott,  of  the  Class  Journal  Co.,  has  applied  to  economic  data 
a  formula  devised  some  years  ago  by  Gompertz  and  well  known  in  ac- 

'  The  consumption  factors  selected  are  335  gal.  per  year  for  passenger  cars  and 
1000  per  year  for  trucks.  The  determination  of  these  factors  is  explained  in  Pogeu, 
"The  Economics  of  Petroleum,"  123-124,  1921. 
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tuarial  work,  which  iiivolvcs  the  principle  of  growth  at  a  diminishing  rate; 
or  in  other  w^ords  the  principle  of  diminishing  returns.  The  increase  in 
population  in  any  given  country,  for  example,  if  plotted  on  rectangular 
coordinates,  traces  a  curve  of  double  flexure,  in  its  earlier  period  concave 
upward  and  later  on  concave  downward.  Thus,  the  growth  is  at  first 
slow,  then  more  rapid,  and  later  slows  down  as  the  country  approaches 
mature  and  stable  development. 

The  consumption  of  many  commodities  is  a  function  of  population 
and,  as  such,  increases  at  first  slowly,  then  rapidly,  and  then  slowly, 
following  the  trace  of  the  Gompertz  curve.  As  a  concrete  example 
take  the  automobile ;  for  a  time,  the  growth  in  its  use  is  slow  as  this  new 
agency  of  transport  passes  through  a  stage  of  experimentation;  then  the 
automobile  finds  itself,  so  to  speak,  and  an  era  of  rapid  expansion  follows; 
subsequently  the  progress  of  expansion  meets  resistance  as  the  number  of 
automobiles  approaches  the  maximum  number  that  the  population  can 
use;  and  finally  the  rate  of  expansion  approximates  the  rate  of  increase  in 
population.^ 

The  registrations  of  motor  vehicles  in  the  United  States  by  years  for 
the  period  1912-20  are  shown  on  a  semilogarithmic  scale  in  Fig.  7.  To 
the  registration  figures  is  fitted  a  curve  of  the  tj^pe,  y  —  ah"',  which  is 
projected  to  1930.  This  curve,  which  is  published  by  permission  of  Mr. 
Prescott,  is  thought  to  represent  the  trace  of  the  normal  growth  of  the 
automotive  industry,  and,  if  so,  affords  a  rational  basis  for  forecasting 
not  only  future  demand  for  motor  vehicles  but  the  future  requirements  of 
motor  fuel.^  Curves  of  this  type  have  been  tested  on  pig  iron,  potatoes, 
population,  wheat,  sugar,  steel,  railroad  mileage,  and  cotton;  and  it  has 
been  found  that  the  equation,  fitted  to  data  up  to  1900,  when  extended  to 
1920  gave  extrapolated  values  for  1920  corresponding  to  the  actual  figures 
within  errors  of  2  to  10  per  cent.  While  the  application  of  this  techniqLC 
is  still  in  its  developmental  stage,  the  method  gives  promise  of  becoming  a 
useful  tool  for  predetermining  the  normal  growth  of  industrial  activities 
and  market  requirements. ^° 

The  projection  of  motor-vehicle  registrations,  as  shown  in  Fig.  7, 
indicates  clearly  that  the  further  growth  of  automotive  transportation 
will  be  at  a  decelerating  rate.  The  projection  of  the  registration  figures  in 
this  manner  gives  14,400,000  motor  vehicles  (cars  and  trucks)  as  the 
probable  number  for  1925  and  17,500,000  as  the  probable  number  for  1930. 

*  In  practice  the  matter  is  not  so  simple,  as  the  growth  at  every  stage  is  modified 
by  fluctuations  in  buying  power,  price,  etc.,  but  variations  from  the  normal  may  in 
the  long  run  be  expected  largely  to  compensate  one  another. 

'  For  a  fuller  exposition  of  the  mathematics  of  the  Prescott  equation,  see  Aulo- 
motive  Industries  (Nov.  17,  1921),  954. 

'"Mr.  Prescott  and  the  present  writer  are  at  work  jointly  on  the  further  appli- 
cation of  this  and  other  methods  to  industrial  data,  and  the  outline  of  the  theory 
given  above  is  preUminary  to  a  more  detailed  discussion  to  be  published  later. 
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These  extrapolated  values  may  be  converted  into  gasoline  by  multi- 
plying them  by  the  average  gasoline  consumption  per  unit  (assuming 
that  the  consumption  factor  will  not  change  materially) ;  or  else  by  fitting 
the  normal  registration  curve  to  the  curve  representing  domestic  gasoline 


1912  1913  1914  1915  1916  1917  1918  1919  1920  )925  1930 

Fig.  7. — Projection  of  motor-vehicle  registrations  in  United  States  by  means 
OF  Prescott  formula  involving  principle  op  diminishing  returns. 

consumption  and  taking  the  trace  of  the  former  as  the  probable  future 
course  of  the  latter.  The  second  method,  shown  in  Fig.  8,  projects  the 
ratio  between  motor  vehicles  and  domestic  gasoline  consumption  and 
therefore  yields  figures  representing  total  consumption,  instead  of  the 
consumption  of  cars  and  trucks  alone.  The  results  of  the  two  methods 
are  given  in  Table  13. 

Table  13. — Estimated  Consumption  of  Gasoline  {and  Other  Motor  Fuels) 

in  United  States  in  1925  and  1930,  Based  on  Application  of 

Prescott  Formula  to  Automotive  Registrations 


1 

Year 

2 

Number  of  Motor 

Vehicles,  Millions 

of   Units 

3 

Consumption    of 

Gasoline"    by  Cars 

and  Trucks,  Column 

2X400,  Millions  of 

Gallons 

4 
Consumption  of 
Gasoline"  by  Cars, 
Trucks,  Tractors, 
etc.,  Projertion  of 
Ratio,   Millions  of 
Gallons 

5 

Difference,  Column 

4  minus  Column  3, 
to  be  Credited  to 

Tractors  and  Mis- 
cellaneous   Uses, 

Millions  of  Gallons 

1925 
1930 

14.4 
17.5 

6760 

7000 

6800 
8300 

1040 
1300 

•  Gasoline  should  be  read  in  this  table  as  gasoline  and  other  motor  fuels. 
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Several  refinements,  theoreticallj'-,  are  possible  with  this  method. 
For  example,  passenger  cars,  trucks,  and  tractors  might  be  advantage- 
ously projected  as  separate  items,  but  accurate  statistical  data  are  lacking 
on  these  individual  series.  Also,  the  domestic  consumption  of  gasoline 
could  be  projected  directly  from  its  own  data;  but  here  again  accurate 
statistical  data  are  available  for  only  such  a  brief  period  as  to  render 
preferable  the  indirect  graphic  method  shown  above.  Accordingly, 
it  seems  better  to  let  the  investigation  rest  for  the  time  being  with  the 
generalized  results  given  in  Table  13. 

Summary  of  the  Several  Methods  of  Forecasting  Gasoline  Demand 

A  comparison  of  the  results  of  projecting  the  future  gasoline  require- 
ments of  the  country  by  the  three  methods  outlined  is  given  in  Table  14. 

Table  14. — Comparison  of  Estimated  Future  Demand  for  Gasoline 

in  United  States 
{In  millions  of  gallons) 

1923  1  1925  i  1930 


Straight-line  projection 6 ,  101 

Vehicle  to  population  ratio 5 ,748 

Prescott  formula 5,900 


7,347 

10,462 

8,480 

13,287 

6,800 

8,300 

It  will  be  noticed  that  while  the  methods  yield  widely  different  results 
for  1930  they  are  in  reasonably  close  agreement  for  1923.  This  concor- 
dance for  the  nearer  date  speaks  for  the  practical  value  of  mathematical 
methods  of  projection  in  general.  Emphasis  should  be  again  laid  on  the 
fact  that  the  need  for  accurate  estimates  is  greater  for  the  next  few  years 
than  for  a  period  five  to  ten  years  ahead,  and  all  three  methods  meet  this 
important  criterion.  The  projection  by  the  Prescott  formula,  however, 
is  given  as  the  most  probable  estimate  of  future  demand  and  one  that 
may  be  used  as  a  working  basis  for  long-range  planning. 

Discussion  of  Changes  "in  Technology 

A  rational  estimate  of  the  demand  for  motor  fuel  in  1925  and  1930  is 
6800  million  gallons  and  8300  million  gallons,  respectively.  These 
demands  may  be  converted  into  corresponding  demands  for  crude 
petroleum  on  the  basis  of  the  ratio  between  the  consumption  of  crude 
petroleum  and  the  production  of  gasoline  in  1920,  which  ratio  was  19.9 
per  cent.  A  conversion  on  this  basis,  however,  is  not  valid,  for  it  makes 
no  allowance  for  a  growing  extraction  of  gasoline  from  its  raw  material, 
increasing  efficiency  in  its  utilization,  and  the  employment  of  supple- 
mentary fuels.  To  forecast  these  changes  in  technology  offers  even 
greater  difficulty  than  the  problem  of  forecasting  straight  demand,  and 
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the  results  accordingly  are  doubtless  subject  to  a  greater  degree  of  error. 
The  probable  degree  to  which  crude  petroleum  will  be  converted  into 
motor-fuel  service  in  1925  and  1930  is  indicated  in  Table  15,  on  the  basis 
that  the  recent  increase  in  the  ratio  between  gasoline  production  and 
crude  consumption  will  continue. 
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Fig.  8. — Projection  of  demand  for  gasoline  in  United  States  determined 

BY    fitting    curve    REPRESENTING    PROJECTION    OF    MOTOR-VEHICLE    REGISTRATIONS 

(Fig.  7)  to  data  representing  domestic  consumption  of  gasoline  for  1916-20. 
Results  are  gfven  as  being  more  reliable  than  those  obtained  by  empiric 
methods. 


It  appears,  from  Table  15  (see  also  Fig.  9),  that  in  1925  over  a  quarter 
of  our  total  consumption  of  crude  petroleum  will  be  converted  into  motor- 
fuel  service  and  that  by  1930  this  proportion  will  have  increased  to  one- 
third.  These  factors,  to  repeat,  are  on  the  basis  of  a  continuation  of 
the  increase  in  the  motor-fuel  crude-petroleum  ratio  that  characterized 
the  period  1916-1920.  Should  the  change  in  technology  be  speeded  up, 
the  ratio  will  be  proportionally  higher. 

These  factors,  however,  may  be  tentatively  used  as  they  stand  for 
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Table  15. — Ratio  of  Production  of  Motor-fuel  to  Consumption  of  Crude 
Petroleum,  1916-1920,  Together  with  Extrapolated  Values  for 
1925  and  1930,  According  to  a  Straight-line  Projection 
(y  =  1.24a;  +  19.06,  origin  at  1918)  Determined 
From  Data  by  Method  of  Least  Squares 


1 

Crude  Consumed, 

Million  Barrels 

2 

Gasoline  Produced, 

Million  Barrels 

Ratio  of  Gasoline  Produced  to  Crude 
Consumed 

Calculated 

Actual 

1916 

319 

49 

0.166 

0.154 

1917 

378 

68 

0.178 

0.180 

1918 

413 

85 

0.191 

0.206 

1919 

418 

90 

0.203 

0.214 

1920 

531 

105 

0.215 

0.199 

1925 

0.277 

1930 

0.339 

converting  our  best  estimates  of  the  future  demand  for  motor  fuel  into  a 
corresponding  demand  for  crude  petroleum,  as  shown  in  Table  16. 

Table  16. — Conversion  of  Estimated  Demand  for  Gasoline,  in  1925  and 

1930,  as  Determined  in  Table  13,  into  Estimated  Demand  for  Crude 

Petroleum,  by  Use  of  Ratios  in  Table  15 


Year 


Demand  for  Gasoline, 
Million  Gallons 


Factors 


1925 

1930 


6800 

8300 


-0.277X42  = 
-0.339X42  = 


Demand  for  Crude  Petro- 
leum, Million  Barrels 


585 

580 


According  to  Table  16,  and  the  line  of  analysis  leading  thereto,  a 
crude  petroleum  demand  of  585  million  barrels  in  1925  and  580  million 
barrels  in  1930  is  indicated.  These  amounts  are  much  smaller  than  those 
arrived  at  by  means  of  the  projections  summarized  in  Table  6.  In  addi- 
tion, the  figures  show  that  the  maximum  demand  is  reached  about  1925  and 
that  this  demand  is  maintained  practically  unchanged  until  1930.  While 
the  results  must  be  looked  upon  in  a  very  critical  spirit,  the  calculation  is 
suggestive  that  a  maximum  volume  of  crude  petroleum  of  approximately 
600  million  barrels,  under  the  influence  of  continued  progress  in  tech- 
nology, will  prove  ample  to  maintain  the  expected  expansion  in  auto- 
motive transportation  over  the  next  decade. 

Should  the  volume  of  crude  petroleum  available  for  consumption  fall 
below  this  estimated  demand  of  600  million  barrels,  the  effect  will  be  to 
stimulate  a  greater  advance  in  technology  as  an  offsetting  factor.  On  the 
other  hand,  should  a  greater  volume  be  brought  upon  the  market,  the 
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margin  will  doubtless  be  readily  absorbed  although  with  a  comple- 
mentary slowing  down  in  technical  advance. 

Conclusions 

1.  The  demand  for  crude  petroleum  for  the  next  ten  years  will  be 
determined  by  the  growth  of  automotive  transportation  and  the  motor- 
fuel  requirements  resulting  therefrom. 
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Fig.  9. — Tentative  projection  of  improvement  in  technology  affecting 
motor  fuel,  determined  by  projecting  ratio  between  production  of  gasoline 
and  consumption  of  crude  petroleum  by  fitting  a  straight  line  to  data  by 
method  of  least  squares. 

2.  Future  consumption  of  crude  petroleum  and  its  products  may  be 
estimated  by  methods  of  empiric  projection,  and  the  results  attained  by 
such  methods  are  given,  but  such  methods  are  not  regarded  as  satisfactory. 

3.  Two  rational  methods  of  forecasting  the  demand  for  gasoline  are 
described  and  applied,  and  a  method  involving  the  principle  of  diminish- 
ing returns  is  advanced  as  the  most  satisfactory  approach  to  the  problem. 

4.  By  means  of  the  method  involving  the  principle  of  diminishing 
returns,  the  domestic  demand  for  gasoline  is  estimated  to  be  6800  million 
gallons  in  1925  and  8300  million  gallons  in  1930. 

5.  The  ratio  between  the  quantity  of  crude  petroleum  consumed  and 
the  quantity  of  gasoline  produced  is  empirically  projected,  by  fitting 
a  straight  line  to  the  data  by  the  method  of  least  squares,  and  accord- 
ing to  this  method  27.7  per  cent,  of  our  crude  petroleum  consump- 
tion will  be  converted  into  motor-fuel  service  in  1925  and  33.9  per  cent. 
in  1930,  as  contrasted  with  a  percentage  of  19.9  for  1920.  This  projection 
is  subject  to  a  greater  probable  error  than  the  estimate  of  gasoline 
requirements. 

6.  Combining  the  results  mentioned  in  the  two  preceding  paragraphs, 
the  estimated  demands  for  gasoline  in  1925  and  1930  are  converted  into 
demands  for  crude  petroleum.     The  results  attained  indicate  that  585 
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million  barrels  of  crude  petroleum  will  be  sufficient  to  support  automotive 
transportation  in  1925  and  580  million  barrels  will  be  sufficient  for  1930, 
on  the  basis  of  a  continuation  of  recent  progress  in  technology. 

7.  The  results  attained  are  subject  to  more  accurate  determination 
on  the  further  development  of  the  methods  followed,  but  the  present 
results  are  advanced  as  having  sufficient  probability  to  be  of  practical 
value  as  a  basis  of  present  planning. 

DISCUSSION 

James  O.  Lewis,  IMarietta,  Ohio  (written  discussion). — Petroleum 
engineers  are  indebted  to  the  author  for  the  novel  methods  for  estimating 
future  demands  on  the  oil  industry  that  he  gives,  particularly  the  curves 
and  methods  of  Gompertz  and  Prescott;  but  the  application  of  these 
methods  and  the  conclusions  derived  are  open  to  question.  Future 
demand  or  future  consumption  of  petroleum  cannot  safely  be  predicated 
Solely  on  any  estimates  of  the  future  demands  for  gasoline  by  automotive 
engines.  Nor  does  the  changing  ratio  of  gasoline  to  other  products 
correctly  gage  the  possibiHties  of  the  markets  for  such  products. 

Fuel  oil  is  more  nearly  the  key  to  future  demands  than  gasoline.  It 
is  quantitatively  a  greater  product  than  gasoHne,  kerosene,  or  lubricants, 
even  greater  than  their  sum,  and  is  the  only  product  with  a  large  competi- 
tive market  always  available.  As  a  substitute  for  coal,  fuel  oil  has  prac- 
tically the  whole  coal  market  as  a  competitive  field  and,  by  replacing 
coal,  the  fuel-oil  market  can  be  expanded  quickly  under  any  price  stimu- 
lus, for  fuel  oil  can  replace  coal  on  short  notice  with  but  minor  changes  in 
equipment.  GasoUne,  kerosene,  and  lubricants  have,  practically  con- 
sidered, inelastic  and  non-competitive  markets.  They  have  no  quickly 
available  substitutes  nor  can  they  replace  in  any  considerable  quantities 
substances  in  other  fields.  If  there  is  a  surplus  of  one  or  more  of  these 
products,  this  surplus  must  be  stored  or  substituted,  in  as  large  part  as  is 
practicable,  for  the  products  in  greater  current  demand. 

The  writer's  meaning  of  the  term  "inelastic,  non-competitive  markets" 
can  best  be  illustrated  by  considering  lubricants.  Lubricating  oils  are 
essential  for  every  operating  piece  of  machinery  but  the  cost  of  lubricants 
is  a  small  part  of  the  cost  of  operating  the  machine.  The  demand  for 
lubricants  is  in  direct  proportion  to  industrial  activity  and  to  general 
prosperity.  If  the  factories,  railroads,  and  automobiles  are  in  active 
use,  the  market  for  lubricants  is  large;  but  it  will  not  absorb  more  than 
its  maximum  current  needs,  together  with  reasonable  stocks,  no  matter 
how  cheap  lubricants  may  be  at  the  time.  Nor  will  cheap  lubricants 
materially  enlarge  the  market  in  times  of  depression.  The  market 
enlarges  permanently  only  as  a  result  of  industrial  growth  or  growth  in 
the  number  and  use  of  automobiles  or  other  new  types  of  machines. 
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As  only  a  part  of  the  lubricating  fractions  are  extracted  from  the  crude 
oil,  the  only  outlet  for  the  surplus  lubricating  fractions  is  letting  them 
remain  in  the  fuel  oil  and  be  consumed  in  the  same  inferior  uses, 
Lubricating-oil  consumption  expands  and  contracts  almost  independently 
of  crude  production,  consumption,  or  prices.  It  does,  however,  follow 
closely  the  growth  in  population  and  wealth  in  accordance  with  the  for- 
mulas of  Gompertz  and  Prescott.  Gasoline  and  kerosene,  likewise,  have 
inelastic  non-competitive  markets  though  not  to  such  a  limited  degree. 
The  gasoline  market  is  practically  limited  to  the  number  and  activity 
of  gasoline-using  internal-combustion  engines.  When  their  demands 
have  been  supplied,  the  market  can  be  increased  comparatively  little  by 
price  stimulation  because  gasoline  is  but  one  of  the  costs  of  operation. 
The  market  can  be  materially  enlarged  only  by  growth  of  the  automotive 
industry,  which  is  concerned  more  with  other  factors  than  with  the  price 
of  gasoline. 

The  situation  relating  to  the  fuel-oil  market  is  fundamentally  different ; 
there  is  always  a  large,  quickly  available,  cheap  market.  As  soon  as  the 
price  goes  down  and  reasonable  assurance  of  supply  can  be  given,  fuel 
oil  invades  the  coal  market.  In  1920,  the  fuel-oil  market  for  ordinary 
heating  or  steaming  raising  purposes  was  equivalent  to  70,000,000  tons 
of  coal,  or  about  a  ninth  of  the  coal  consumed.  The  potential  market 
for  fuel  oil  is  therefore  enormous,  even  in  times  of  depression,  and  the 
limits  are  economic  rather  than  mechanical.  The  extent  to  which  fuel 
oil  can  supplant  coal  is  shown  by  the  situations  in  the  Southwest  and  on 
the  Pacific  coast. 

The  proportion  of  fuel  oil  produced  can  be  varied  greatly  in  accordance 
with  the  desires  of  the  refiner.  By  cracking,  fuel  oil  and  lubricants  can 
be  made  largely  into  gasoline  and  kerosene.  Probably  in  a  few  years  all 
fuel  oil,  even  the  heavy  Mexican  crude,  can  be  processed  into  gasoline  if 
there  is  the  demand;  but  on  the  other  hand  almost  all  the  crude  oil, 
except  the  gasoline,  can  be  used  for  fuel  oil  if  necessary.  But  as  the  fuel- 
oil  market  is  the  cheapest,  effort  is  always  made  to  decrease  the  propor- 
tion of  fuel-oil  output.  To  the  refiner,  fuel  oil  is  what  is  left  after  the 
demands  for  the  more  profitable  products  have  been  supplied  or  the  limits 
in  processing  the  heavier  fractions  into  gasoline  or  kerosene  have  been 
reached.  When  the  demand  for  these  products  is  large,  relative  to  the 
supply  of  crude,  as  much  as  possible  of  the  oil  is  made  into  the  more 
desirable  products;  when  these  markets  are  glutted,  more  of  the  crude 
must  be  dumped  into  the  fuel-oil  market  to  sell  for  what  it  will  bring. 
The  price  of  crude  oil  will  depend  largely  on  the  proportion  that  must  be 
sold  in  the  fuel-oil  market  at  the  time.  If  all  the  crude  oil  must  be  sold 
as  fuel  oil,  the  price  at  the  well  must  be  less  than  the  selling  price  of  fuel 
oil;  but  if  a  large  part  of  the  crude  oil  can  be  sold  as  the  higher  price 
products,  the  price  of  the  crude  oil  will  be  proportionately  higher.     In 
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1920,  about  58  per  cent."  of  the  crude  oil  produced  and  imported  was 
consumed  as  fuel  oil  but  80  per  cent,  could  have  been  so  used  had  it  been 
necessary  and  if  marketed  cheap  enough  to  undersell  coal. 

The  lack  of  assurance  of  supply  rather  than  price  has  hindered  the 
expansion  of  the  fuel-oil  market.  In  the  fall  of  1918,  there  was  a  fuel-oil 
famine;  in  the  spring  of  1919,  a  surplus;  early  in  1920,  another  famine; 
and  in  the  fall  of  the  same  year,  another  surplus.  Such  rapid  changes 
obviously  would  deter  prospective  consumers.  The  fallacy  involved  in 
basing  estimates  on  the  anticipated  gasoline  demands  is  brought  out  by 
considering  the  relation  of  the  other  products  to  the  estimates  of  the 
demands  for  crude,  as  shown  in  the  following  tabulation  which  is  adapted 
from  the  author's  figures. 

I    Estimated  Crude      Estimated  Gasoline  Rpmainder 

I  Demand  J  Demand  t^     /~.     i.   o       i- 

v-„„,  I  Per  Cent.  Gasoline 

^^"  1 ' I  to  Crude 


In  Millions  of  Barrels,  of  42  Gal. 

1920 

531 

105 

426 

19.9 

1925 

585 

162 

423 

27.7 

1930 

580 

197 

383 

33.9 

The  remainder  includes  kerosene,  gas  and  fuel  oil,  lubricants,  mis- 
cellaneous products  and  refinery  losses.  It  is  to  be  noted  that  the  author's 
estimates  assume  decreasing  demand  for  these  other  products  and  that 
the  remainder  for  1930  is  43  million  barrels  less  than  for  1920;  in  fact 
the  decrease  is  more,  for  the  refinery  losses  by  increased  cracking  will 
appreciably  increase  this  figure.  There  is  of  course  no  reason  other  than 
high  prices  to  anticipate  decreased  demands  for  other  products  than 
gasoline. 

Nor  has  due  allowance  been  made  for  the  growth  of  uses  now  in  the 
incipient  stage,  such  as  household  heating  and  Diesel  engine  fuel,  both  of 
which  seem  destined  to  large  increases  in  the  next  decade.  Fuel  oil  for 
marine  use  should  be  given  especial  attention.  A  growing  demand  for 
fuel  oils  in  ways  that  will  command  better  prices  can  be  looked  forward  to. 

But  now,  fuel  oil  is  the  weakest  point  in  the  machinery  for  marketing 
petroleum  products  and  the  industry  has  so  far  shown  itself  incompetent 
to  handle  fuel  oil  satisfactorily.  Because  the  fuel-oil  market  can  be 
quickly  expanded  or  contracted  and  because  the  proportion  of  fuel  oil 
from  the  crude  can  be  quickly  expanded  or  contracted  from,  perhaps, 
less  than  50  per  cent,  to,  perhaps,  80  per  cent,  of  the  whole — a  flexibility 
which  will  surely  be  greater  in  the  future  as  cracking  increases — fuel  oil 


^*  Apparently  the  author's  figures  on  gas  and  fuel  oil  include  only  refinery  products 
and  do  not  include  crude  oil  consumed  directly  as  fuel. 
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can  act  as  a  buffer  to  adjust  under  or  overproduction  of  crude  oil  to  the 
existing  markets.  Here  is  the  key  to  the  stabilization  of  the  oil  market 
and  farsighted  methods  of  marketing  fuel  oil,  of  storage,  and  of  credits 
should  be  devised  whereby  the  recurrent  fluctuations  inherent  to  oil 
production  might  be  made  less  detrimental  to  both  the  producer  and 
the  consumer. 

Because  of  the  large  potential  market  for  petroleum  as  fuel  oil,  future 
demand  is  substantially  the  same  as  future  production.  But  to  a  large 
extent  production  is  the  result  of  prevailing  prices  and  costs.  If  the 
profits  in  sight  are  attractive,  the  production  is  likely  to  meet  the  existing 
demands,  though  there  may  be  a  lag  of  one  to  two  years  between  produc- 
tion and  price  stimulus  or  deterrent.  However,  at  present  apparently  we 
cannot  meet  from  domestic  production  all  demands  at  the  prices  of 
recent  years;  but  future  demands  will  be  governed  largely  by  future 
prices.  If  such  prices  are  not  attractive,  imports  will  be  automatically 
restricted.  The  quantity  of  imports  will  depend  on  the  cost  of  producing 
and  importing  the  foreign  oil  and  on  the  rapidity  with  which  it  can  be 
found,  developed,  and  brought  to  this  market.  If  foreign  oil  is  obtainable 
in  large  amount  and  at  low  cost,  it  means  low  prices  and  large  demand 
here,  but  if  the  foreign  oil  cannot  be  obtained  or  is  costly  to  produce, 
oil  prices  will  be  correspondingly  high  here  and  demand  restricted  accord- 
ingly to  the  higher  uses. 

The  Oklahoma  producer  was  not  perturbed  on  account  of  Mexican  oil 
in  1919  when  he  was  getting  $3.50  for  his  own  production,  because,  for 
lack  of  tankers,  Mexican  oil  could  not  be  brought  in  fast  enough  to  flood 
the  market.  Nor  is  the  oil  man  perturbed  now  by  the  vast  shale-oil 
reserves  in  the  west  as  he  knows  that  shale  oil  will  become  an  important 
competitor  only  when  the  price  of  oil  will  be  quite  satisfactory  to  him. 
No  matter  how  vast  may  be  the  oil  reserves  abroad,  they  will  not  glut 
our  markets  unless  they  can  be  developed  with  comparative  rapidity  and 
at  comparatively  low  cost.  If  the  Mexican  light-oil  fields  prove  to  be 
exceptional  and  the  other  reserves  in  Latin  America  are  of  the  nature  of 
Panuco  with  its  smaller  wells,  or  of  the  Tehuantepec  district  with  its 
salt  domes,  or  like  Trinidad  with  its  loose-sand  troubles,  or  with  the  oil 
inland  and  difficult  of  access  or  under  political  restrictions,  the  menace  of 
foreign  competition  can  be  viewed  with  equanimity. 

The  point  is  that  one  cannot  say  there  will  be  such  and  such  a  demand 
for  petroleum  without  also  stipulating  something  as  to  the  price.  The 
author's  methods,  if  applied  to  kerosene,  lubricating  oil  and  other  impor- 
tant products,  also  taking  into  account  incipient  uses  and  growing  foreign 
competition,  should  give  reasonable  estimates  for  the  products  in  the 
non-competitive  markets  where  growth  relates  more  closely  to  growth  in 
population  and  wealth,  which  is  the  basis  of  Prescott's  curves.  But 
the    method  fails  when  applied  to  fuel  oil  without  considering  price 
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because  the  future  demands  of  fuel  oil  relate  more  to  underselling  coal 
in  an  existing  market  than  on  growth  in  population  or  wealth.  The 
tendency  would  seem  to  be  for  higher  prices  for  oil  and  for  demands  to  be 
restricted  accordingly,  but  unless  the  obstacles  to  foreign  exploitation  prove 
greater  than  they  now  appear,  it  is  Ukely  that  considerably  more  oil  will 
be  marketed  in  1925  and  in  1930  than  the  author  has  estimated.  Should 
his  calculations  prove  correct,  it  mil  mean  highly  satisfactory  prices  for 
those  fortunate  enough  to  own  production,  for  there  will  be  only  enough 
oil  available  for  the  higher  priced  markets. 
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Canadian  Oil  Reserves 

By  Ralph  Arnold  and  Walter  A.  English,  New  York,  N,  Y. 

(New  York  Meeting,  February,  1922) 

Though  production  began  in  Canada  only  a  short  time  after  the 
discovery  of  oil  in  the  United  States,  it  has  never  attained  large  propor- 
tions, and  if  we  were  to  judge  entirely  by  the  past  the  reserves  of  Canada 
would  be  put  at  a  very  low  figure.  There  are  only  two  areas  from  which 
oil  is  marketed  at  the  present  time;  one,  the  old  district  around  Petrolia 
in  southern  Ontario,  and  the  other  is  the  small  Sheep  Creek  field  near 
Calgary  in  Alberta.  The  former  district  has  produced  between  200,000 
and  800,000  bbl,  annually  for  the  past  40  years,  recent  figures  being  near 
the  minimum  amount.  Sheep  Creek  has  produced  about  12,000  bbl. 
annually  for  the  past  five  years.  The  known  reserves  in  proved  territory 
in  each  of  these  fields  are  exceedingly  small,  when  considered  in  terms  of 
world  reserves. 

The  chief  hope  of  Canada  for  reserves  of  considerable  magnitude  lies 
in  the  western  provinces.  Sedimentary  rocks  similar  to  those  in  the 
productive  fields  of  the  United  States  occupy  thousands  of  square  miles 
in  the  western  provinces,  so  that  it  seems  likely  that  somewhere  within 
this  great  area  the  peculiar  conditions  necessary  for  the  presence  of  oil 
pools  will  be  found.  Prospecting  is  being  carried  on  energetically  by 
several  large  companies,  as  well  as  by  many  independents.  The  Domin- 
ion Government,  which  controls  most  of  the  public  lands,  is  pursuing  a 
fairly  liberal  policy  toward  the  prospector,  which  should  stimulate  wild- 
catting,  although  the  province  of  British  Columbia,  which  controls  public 
lands  within  that  province,  is  at  present  unwilling  to  give  adequate 
encouragement  to  make  wildcatting  attractive. 

As  there  is  really  no  assurance  that  any  productive  pools  will  be  found 
in  western  Canada,  the  estimates  of  reserves  are  subject  to  a  wide  possi- 
bility of  error.  In  making  estimates,  the  various  areas  within  which 
geologic  conditions  are  more  or  less  uniform  are  discussed  separately; 
the  estimates  given  for  each  area  are  not  given  with  the  idea  that  there 
is  a  reasonable  probability  of  their  eventually  proving  to  be  correct.  It 
is  hoped  that  an  average  of  these  estimates,  taken  together  with  those 
made  for  other  undeveloped  countries,  will  give  a  correct  total  of  reserves 
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for  all  areas  considered,  even  though  the  estimates  are  much  too  large  in 
some  cases  and  too  small  in  others. 

The  estimates  are  jnade  by  comparing  the  Canadian  areas  to  geologi- 
cally similar  districts  in  the  United  States  where  development  has  been 
sufficient  to  prove  fairly  definitely  what  the  ultimate  resources  will  be. 
It  is  assumed  that  the  current  estimates  for  total  resources  of  each  of  the 
main  producing  areas  of  the  United  States  are  not  greatly  in  error  and, 
with  this  as  a  basis,  an  attempt  is  made  to  arrive  at  a  figure  that  represents 
the  probable  maximum  production  of  each  of  the  Canadian  areas,  pro- 
vided its  production  proves  to  be  as  great  as  the  most  similar  area  in  the 
United  States.  A  second  factor  is  then  introduced,  to  give  the  authors' 
view  as  to  the  probability  of  such  a  result  being  achieved.  This  figure 
is  based  both  on  an  analysis  of  the  conditions  peculiar  to  the  Canadian 
area  being  considered,  and  on  the  proportion  of  the  total  area  with  roughly 
similar  conditions  in  the  United  States  which  has  proved  to  be  part  of  a 
productive  district. 

The  estimates  are  for  the  following  geographic  divisions:  Eastern 
Canada,  southeastern  and  central  plains  of  Alberta  and  southwestern 
Saskatchewan,  northern  plains  of  Alberta,  Rocky  Mountain  front  of 
Alberta  and  British  Columbia,  Mackenzie  River  district. 

Eastern  Canada 

The  greater  part  of  eastern  Canada  is  occupied  by  the  shield  of  pre- 
Cambrian  rocks  in  which  there  is  no  chance  of  finding  oil.  In  southern 
Ontario  and  Quebec  are  areas  of  nearly  flat-lying  Palaeozic  rocks  from 
which  oil  has  been  produced  on  the  southwestern  tip  of  Ontario,  in  the 
Petrolia  district.  The  rest  of  this  area  appears  to  be  about  as  favorable 
geologically,  except  for  the  absence  of  seepages,  which  characterize  the 
Petrolia  area.  Prospecting,  although  extending  over  a  long  period  of  time 
has  shown  discouraging  results,  except  in  the  Petrolia  district,  where  a 
few  small  pools  are  discovered  from  time  to  time.  An  estimate  of 
300,000  bbl.  annually  for  20  years  seems  fair  for  the  Petrolia  district,  and 
4,000,000  bbl.  for  the  rest  of  the  province,  giving  10,000,000  bbl.  as  the 
reserves  of  eastern  Canada. 

Southern  and  Central  Plains  of  Alberta 

The  prospective  oil  fields  of  the  plains  region  of  central  and  south- 
eastern Alberta  and  southwestern  Saskatchewan  derive  their  supply  from 
the  basal  Cretaceous  beds,  the  southern  extension  of  the  big  tar  sands  of 
the  Athabasca  on  the  north,  and  the  northern  extension  of  the  Montana 
oil-bearing  beds  on  the  south.  The  oil-bearing  formations  in  the  belt 
from  Lower  Slave  Lake  to  southwestern  Saskatchewan  lie  on  the  eastern 
flank  of  the  great  Edmonton  syncline  and  are  aflfected  by  several  cross 
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structures,  including  anticlines  and  domes,  favorable  for  oil  accumulation. 
The  depth  to  the  oil  horizon  varies  from  2500  to  4000  ft.  (760  to  1200  m.). 
Three  important  commercial  gas  fields  have  been  developed  in  the  region 
in  sands  overlying  the  oil  horizon.  The  areas  of  the  possible  and  probable 
oil  land,  if  oil  is  found  at  all  in  commercial  quantities,  is  as  follows: 

PossmLB  Area,      Pbobable  Arba, 
Name  Sq.    Mi.  Sq.    Mi. 

Birch   Lake-Sounding   Creek 1500  75 

Southeastern  Alberta 360  18 

Saskatchewan 720  36 

2580  129 

Northern  Plains  of  Alberta 

This  region  includes  the  basin  of  low-dripping  Cretaceous  rocks  from 
the  latitude  of  Edmonton  northward.  Outcrops  are  scarce,  being  prac- 
tically confined  to  the  banks  of  the  principal  rivers,  and  consequently 
the  details  of  structure  are  not  known.  Dips  vary  from  5  to  20  ft.  per 
mile  and  no  are  asof  steeper  local  structure  have  been  found.  Thus  far, 
most  of  the  interest  has  centered  around  the  tar  sands  of  the  Fort 
McMurray  district.  At  this  point,  basal  Cretaceous  sands,  which  directly 
overlie  a  petroliferous  Devonian  limestone,  are  saturated  with  tar  for  a 
maximum  thickness  of  200  ft.  (61  m.)  and  a  linear  extent  along  the 
Athabasca  River  of  about  50  mi.  (80  km.).  This  is  the  most  extensive 
area  of  exposed  tar  sands  in  the  world.  Prospect  wells  have  been  drilled 
to  reach  these  sands  away  from  the  outcrop  but  the  same  quality  of  tar 
has  been  encountered  in  all  wells  drilled  to  date.  Wells  directly  south  of 
McMurray  do  not  get  any  tar  in  the  sand,  but  at  points  50  mi.  southeast 
and  200  mi.  directly  west  tar  is  obtained.  In  between  these  points 
are  large  areas  that  have  not  been  prospected,  and  in  which 
productive  fields  may  be  found.  Conditions  may  be  compared  to  those 
in  Illinois  and  possibly  Ohio.  The  estimated  reserve  area  is  about  the 
same  as  for  the  last  mentioned  region,  that  is,  2600  sq.  mi.  of  possible 
territory  and  130  sq.  mi.  of  probable  territory. 

Rocky  Mountain  Front  of  Alberta  and  British  Columbia 

This  region  comprises  a  long  strip  along  the  edge  of  the  Rocky  Moun- 
tains, commonly  called  the  disturbed  belt  of  the  Cretaceous,  and  varies 
in  width  from  5  to  20  miles.  The  rocks  are  similar  lithologically  to  the 
Cretaceous  of  Wyoming,  but  the  structural  conditions  are  different. 
There  are  no  separate  ranges  of  pre-Cretaceous  rocks  with  intervening 
Cretaceous  basins,  around  the  edges  of  which  dome  structures  are  found, 
as  in  Wyoming.  The  Canadian  mountain  front  is  a  continuous, 
nearly  straight  line,  and  the  folds  in  the  Cretaceous  are  almost  exactly 
parallel  to  the  mountain  front.     The  anticlines  are  long  and  narrow  and 
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have  steep  beds  along  the  crest,  which  is  usually  faulted.  The  Sheep 
Creek  field,  near  Calgary,  is  one  of  the  best  appearing  structures,  but  tests 
have  proved  only  a  very  small  production.  The  only  oil  seepages  known 
along  the  mountain  front  are  in  the  Sheep  Creek  field.  In  British 
Columbia,  south  of  Peace  River,  apparently  more  favorable  structures 
have  been  discovered,  but  they  have  not  been  thoroughly  investigated 
because  of  their  remoteness,  and  the  unsympathetic  attitude  of  the 
British  Columbia  government.     The  possible  area  is  60  sq.  miles. 

Mackenzie  River  District 

Much  prominence  has  been  given  recently  to  the  far  north  of  western 
Canada  because  of  the  completion  near  Fort  Norman  of  a.flowing  well. 
This  well,  which  was  drilled  by  the  Imperial  Oil  Co.,  is  said  to  have  flowed 
at  the  rate  of  more  than  1000  bbl.  per  day  for  periods  of  less  than  an  hour. 
After  only  a  small  amount  of  oil  had  been  produced,  the  capacity  of  the 
well  greatly  declined.  The  well  is  located  on  the  flank  of  a  large  anticline 
where  the  dip  is  about  10°.  The  productive  horizon  is  eroded  from  the 
crest  of  the  fold  and  outcrops  less  than  a  mile  from  the  well.  Oil  seepages 
are  numerous  over  a  large  area  and  there  is  known  to  be  a  considerable 
area  of  mountains  in  which  similar  structures  are  developed.  The  oil  in 
the  well  comes  from  a  Devonian  shale  which  is  underlain  by  bituminous 
limestone.  This  district  may  be  compared  to  West  Virginia  and  part  of 
Pennsylvania,  and  there  are  adjacent  areas  of  flat-lying  Paleozoics  similar 
to  those  of  Pennsylvania  and  Ohio.  A  possible  reserve  area  for  this 
region  is  about  1200  sq.  mi.  and  a  probable  area  is  about  60  sq.  mi.  At 
the  present  time,  this  reserve  is  not  commercially  available  but  it  may 
become  commercially  feasible  to  bring  the  oil  from  this  district  to 
the  world's  markets. 

Summary 

Possible  Area  Pkobable  Area 

Eastern  Canada Probable  future  production  10,000,000  bbl. 

Southeastern     and    central     plains    of 

Alberta  and  S.  W.  Saskatchewan 2580  sq.  mi.                129  sq.  mi. 

Northern  plains  of  Alberta 2600  sq.  mi.                130  sq.  mi. 

Rocky  Mountain  front  of  Alberta  and 

British  Columbia 60  sq.  mi. 

Mackenzie  River  district 1200  sq.  mi.                  60  sq.  mi. 

6440  sq.  mi.  319  sq.  mi. 
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Present  Conditions  in  Mexican  Oil  Fields  and  an 
Outlook  Into  the  Future 

By  Valentin  R.  Garfias,*  New  York,  N.  Y. 

(New  York  Meeting,  February,  1922) 

The  various  phases  of  the  Mexican  oil  industry  have  received  so  much 
publicity  that  there  is  little  to  add  to  the  discussion  of  present  and  future 
production,  extent  and  importance  of  prospective  fields,  and  status  of 
petroleum  legislation,  to  mention  but  a  few  of  the  angles  of  the  Mexican 
oil  problem.  However,  out  of  this  wealth  of  information,  which  is 
generally  of  contradictory  nature,  the  average  petroleum  man  is  at  a  loss 
to  know  something  definite  regarding  the  various  questions  involved;  so, 
keeping  the  foregoing  in  mind,  it  has  been  the  writer's  aim  to  record  in  a 
concise  form  the  most  reliable  and  up-to-date  information  regarding  the 
salient  features  of  the  Mexican  oil  situation. 

Present  Status  of  Mexican  Oil  Industry 
Production  During  1921 

The  Mexican  oil  fields,  during  1921,  produced  in  round  numbers 
203,000,000  bbl.  of  which  176,000,000  bbl.,  or  86  per  cent.,  were  exported, 
the  bulk  of  these  exports,  or  about  73.3  per  cent.,  going  to  the  United 
States.  The  Mexican  exports  were  divided  by  grades  as  follows:  Light 
crude,  47.0  per  cent.;  heavy  crude,  22.0  per  cent.;  tops,  3.5  per  cent.; 
fuel  oil  from  light  crude,  24.0  per  cent.  The  balance,  or  3}^  per  cent., 
includes  the  bunker  fuel  shipments  and  the  coastwise  trade  in  Mexico, 
which  is  not  classified  as  to  grades.  The  figures  show  that,  in  im- 
portance, the  light-oil  fields  form  about  75  per  cent,  of  the  Mexican 
petroleum  industry. 

The  production  of  the  Panuco  field  has  followed  the  general  history 
of  the  American  fields,  and  its  gradual  decline,  which  is  at  present  fore- 
shadowed, may  be  estimated  as  well  as  its  ultimate  economic  life.  On 
the  other  hand,  the  behavior  of  the  light-oil  fields  to  the  south  is  unlike 
any  in  the  world  so  far  discovered,  and  as  a  result  we  have  concentrated 
overproductions  followed  by  sudden  droughts,  both  sometimes  equally 
unexpected.  The  coming  in  of  two  or  three  gushers  within  adequate 
pipe-line  facilities  will  flood  the  market  with  100,000  bbl.  or  more  a  day, 
while  the  flooding  by  water  of  a  particular  pool  will,  in  a  few  weeks,  re- 
move from  the  market  one-half  the  total  production  of  the  Mexican  fields. 

*  Manager,  Foreign  Oil  Department,  Henry  L.  Doherty  &  Co. 
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Total  Production  To  Date 

The  production  of  the  light-oil  fields  from  their  inception  to  January, 
1922,  has  been  estimated  as  follows: 

Babrels 

Tepetate  and  Casiano 135,000,000 

Chinampa  and  Naranjos 155,000,000 

Southern  Amatlan 42,000,000 

Zacamixtle 8,000,000 

Toteco 21,000,000 

Cerro  Azul 75,000,000 

Potrero 100,000,000 

Alamo 37,000,000 

MisceUaneous 1,000,000 

574,000,000 

Present  Production 

The  year  1921  saw  the  flooding  of  the  southern  fields,  except  Cerro 
Azul  and  Toteco,  and  the  bulk  of  the  light-oil  production  confined  to 
this  limited  area;  at  the  present  time  it  is  estimated  that  the  daily  pro- 
duction of  these  fields,  including  the  oil  that  is  being  taken  out  of  the 
flooded  areas,  is  as  follows: 

Barrels 

Tepetate-Upper  Chinampa  (stripping) 20,000 

Naranjos,  Amatlan,  Zacamixtle  (stripping) 100,000 

Toteco-Cerro  Azul 460,000 

Alamo 10,000 

Miscellaneous 20,000 

610,000 
It  will  be  seen  that  the  present  importance  of  these  fields  depends  on 
the   productivity   of   the   Toteco-Cerro  Azul  area,    which   yields   over 
two-thirds  of  the  total. 

Estimates  of  Future  Production 

It  is  therefore  of  the  greatest  importance  to  analyze  the  possibilities 
of  the  Toteco-Cerro  Azul  pools  in  view  of  their  production  to  date  and  the 
possibilities  of  future  yield,  considering  the  time  factor  involved  before 
a  gradual  decline  is  manifested.  Figs.  1  and  2,  prepared  by  R.  V. 
Whetsel,  represent  two  interpretations  of  the  underground  structure 
of  these  pools  and  give  estimates  of  future  yield  based  on  the  assump- 
tions, first,  that  the  Toteco  pool  is  separated  from  Cerro  Azul  by  a  low 
saddle  where  oil  has  not  accumulated;  second,  that  the  two  fields  really 
represent  one  pool  separated  only  by  a  low  flexure  above  the  water 
horizon.  The  estimates  show  a  minimum  of  71,000,000  bbl.,  which,  at 
the  present  rate  of  production,  would  show  about  2  months'  available 
supply  before  water  appears,  as  explained  in  Fig.  2,  and  a  maximum 
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of  122,000,000  bbl.,  giving  approximately  5  months*  supply  before  the 
encroachment  of  salt  water;  a  mean  estimate  of,  say,  100,000,000  bbl. 
would  give  these  fields  an  economic  life  of  about  3  months  prior  to  the 
intrusion  of  the  water. 

It  is  needless  to  state  that  estimates  of  this  nature  are  based,  of 
necessity,  on  many  conjectural  points  and  represent  at  best  more  or  less 
justified  estimates  of  the  future  behavior  of  the  fields  in  view  of  past 
performances  of  similar  pools  in  Mexico;  it  is  also  needless  to  say  that 
these  estimates  may  prove  incorrect  because  of  factors  that  are  not  taken 
into  account.  For  this  reason  errors  of  over  or  under  estimation  not 
only  are  to  be  expected  but  very  likely  have  been  incurred  in  the 
figures  presented. 

Assuming,  however,  that  the  estimates  reflect  actual  conditions,  we 
should  expect,  before  the  middle  of  1922,  a  sharp  decline  in  the  production 
of  the  Toteco  and  Cerro  Azul  pools,  which  at  present  yield  the  bulk  of 
the  Mexican  production. 

Extensions  of  Producing  Fields 
The  Knife  Edge 

The  fields  producing  light  oil,  as  is  well  known,  are  located  along  the 
narrow  strip  running  from  Dos  Bocas,  on  the  Tamiahua  lagoon,  to 
Alamo,  on  the  Tuxpan  river,  and  possibly  to  Furbero  30  mi.  south,  thus 
forming  a  slightly  curved  belt  about  1  mi.  wide  and  76  mi.  long.  Exclud- 
ing the  present  producing  areas,  there  are  about  30  mi,  that  have  been 
drained  of  oil  and  there  are  about  30  mi.  between  Alamo  and  Furbero 
where  the  possibilities  of  extensions  are  questionable;  7  mi.  between 
Alamo  and  Potrero,  controlled  by  two  companies,  which  have  obtained 
production  although  its  real  importance  remains  to  be  proved;  about  4  mi. 
between  Potrero  and  Cerro  Azul,  likewise  controlled  by  two  companies, 
where  the  possibilities  of  encountering  oil  are  not  considered  very  promis- 
ing; and  an  extension  of  5  mi.  between  Tepetate  and  Dos  Bocas,  in  which 
important  development  is  going  on  at  the  present  time  and  where  there 
are  strong  probabilities  of  encountering  oil  although  probably  of  a  heavier 
grade  (14°  B.)  than  the  typical  product  of  the  region.  (Wells  drilled  after 
this  paper  was  presented  have  shown  that  the  writer  was  too  optimistic 
regarding  this  region.) 

\  Although  it  is  admitted  that  there  are  possibilities  of  encountering  oil 
along  the  entire  belt  between  Furbero  and  Dos  Bocas,  in  considering  the 
availability  of  this  supply  for  the  purpose  of  counteracting  the  expected 
sharp  decline  of  the  present  producing  fields  about  the  middle  of  this 
year,  we  can  only  consider  the  region  between  Dos  Bocas  and  Tepetate, 
which  so  far  has  shown  a  heavier  oil  than  to  the  south,  and  the  region 
between  Alamo  and  Cerro  Viejo,  in  which  producing  wells  have  been 
encountered,  although  reports  about  this  development  have  been  of  a 
contradictory  nature. 
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Wildcat  Wells 
In  the  wildcat  fields,  outside  of  the  so-called  knife  edge  the  following 


wells  are  being  drilled  at  present: 


Chocoy 

Tamiinas  (Tempoal  Valley) . 

Comales 

Aguada 

Tamantao 

Idolo  Island 

Palma  Sola 

Tlacolula 

San  Isidro 

Alamo  No.  12 


No. 

OF       Depth, 
Wells    Feet 

2560 

2753 

2400 

2600 

3418 

2433 

1847 

1490 

2390 

2615 


No. 

OF 

Wells 


Palo  Blanco 2 

Jardin  Cicuque 

El  Dorado 

Castillo  Teayo 

San  Javier 

Agua  Nacida 

Chinton  (Panuco) 

Chila  Cortaza 

Santiago  de  la  Pena 

Salinas  (Abasolo) 


Depth, 

Feet 

Rig 
Rig 

1200 
Rig 

1180 
Rig 
Rig 
Rig 
Rig 
40 


The  twenty-four  wells  that  are  being  drilled  with  a  view  of  locating 
entirely  new  productive  regions  are  not  near  pipe-line  facilities  and  even 
if  some  of  them  should  prove  successful  their  production  will  not 
compensate  for  the  expected  dechne  in  the  present  fields. 

Of  late,  considerable  publicity  has  been  given  the  results  of  drilling 
in  the  Tehuantepec  region  and  reports  of  a  highly  productive  flowing 
well  have  been  circulated.  However,  no  definite  information  has  been 
obtained  regarding  this  development  other  than  that  the  well  has  been 
ruined  and  its  production  become  unavailable.  Although  it  is  probable 
that  the  Tehuantepec  region  will  again  be  commercially  productive,  the 
record  of  its  wells  and  the  small  amount  of  prospecting  being  carried  on 
lead  us  to  conclude  that  the  production  of  this  region  will  not  increase 
soon  enough  to  counteract  the  expected  decHnes  during  the  present  year. 

Summarizing  the  foregoing,  we  may  state  that  there  is  a  possibility, 
should  an  important  producing  field  be  developed  between  Tepetate  and 
Dos  Bocas  in  the  next  few  months,  that  the  intensive  development  of 
this  area  will,  to  some  extent,  make  up  for  the  decline  of  the  Toteco-Cerro 
Azul  pools  and  so  maintain  the  Mexican  production  near  its  present  high 
level;  and  that  the  successful  intensive  development  of  the  region 
between  Alamo  and  Potrero  may  serve  the  same  purpose,  but  that  in  this 
case,  owing  to  the  large  size  of  the  holdings  of  two  companies,  the  produc- 
tion would  be  more  intelhgently  and  economically  handled  and  very 
likely  the  total  exports  from  the  Mexican  fields  would  decline  considerably 
below  its  present  high  rate. 

Controlling  Influence  of  the  Mexican  Oil  Industry 

American  and  Mexican  Petroleum  Statistics 

The  petroleum  statistics  for  the  last  3  years  are  shown  in  the  accom- 
panying table,  which  gives  the  official  figures  of  production,  imports. 
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exports,  stocks  in  Mexico  and  the  United  States,  and  oil  prices  in  this 
country.  The  figures  were  compiled  with  the  object  of  showing  to  what 
degree  the  American  petroleum  industry  is  dependent  on  Mexican  produc- 
tion and  to  what  extent,  also,  the  security  of  the  world's  petroleum  supply 
hinges  on  the  productivity  of  the  American  and  Mexican  fields,  which 
combined  represent  over  90  per  cent,  of  the  world's  total. 

An  analysis  of  the  table  shows  that  the  production  of  the  United  States 
during  the  last  3  years  has  gradually  increased,  although  during  the  latter 
part  of  1921  it  was  lower  than  during  the  same  period  for  the  previous 
years;  and  that  the  imports  into  the  United  States  during  the  last  3  years 
have  materially  increased,  with  the  exception  of  three  months  in  1921, 
when  they  were  artificially  curtailed.  The  exports  from  the  United 
States  have  increased  somewhat,  although  the  over-all  figures  have  not 
materially  changed  in  the  last  3  years,  the  monthly  exports  aggregating 
between  5,000,000  and  6,000,000  bbl.  The  stocks  have  increased  monthly 
during  the  last  3  years,  with  the  exception  of  ten  months;  in  1919  the  net 
movements  of  stocks  showed  only  a  total  increase  of  about  3,000,000 
bbl.,  in  1920  an  increase  of  31,000,000  bbl.,  and  in  1921  an  increase  of 
66,000,000  bbl.  There  was  a  decrease  in  stocks  during  three  months  of 
1921.  On  the  other  hand,  domestic  consumption  has  almost  doubled 
during  the  last  3  years.  In  January,  1919,  the  consumption  was  about 
24,000,000  bbl.,  in  December,  1921,  45,000,000  bbl.;  and  the  total  demand 
represented  by  domestic  consumption  plus  exports  increased  from 
30,000,000  to  50,000,000  bbl.  during  the  same  period. 


The  Storage-consumption  Coefficient 

In  trying  to  visualize  the  American  industry  as  a  whole  and  to  analyze 
its  present  position,  as  compared  with  previous  years,  the  writer  has  been 
confronted  by  the  usual  difficulties  in  interpreting  statistics.  If  one 
studies  production  records  exclusively,  the  conclusion  might  be  drawn 
that  there  is  too  much  oil  available,  which  conclusion  would  be  further 
strengthened  if  the  figures  of  imports  are  taken  into  account.  On  the 
other  hand,  the  figures  of  consumption  at  home  and  abroad  show  that 
there  has  been  an  increased  demand  for  American  and  Mexican  oils  and  an 
exclusive  analysis  of  these  records  would  force  over  optimistic  conclusions. 
It  is  evident,  therefore,  that  to  ascertain  whether  the  relative  position 
of  the  industry  was  more  sound  at  the  end  of  1921  than  in  previous  years 
a  monthly  comparison  of  the  total  output  and  input  of  oil  and  of  the 
safety  factor  represented  by  storage  is  necessary. 

With  the  foregoing  in  mind,  the  writer  has  tried  to  analyze  this  rela- 
tion and  has  endeavored  to  estimate  the  factor  of  safety  represented  by 
the  oil  above  ground  or  in  storage,  the  available  supply  above  ground  so 
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to  speak,  in  terms  of  months  of  consumption.  This  factor,  which  is 
dependent  on  the  consumption  and  storage  and  is  represented  by  the 
ratio  of  the  total  domestic  consumption  phis  exports  and  the  correspond- 
ing total  stocks  of  crude  and  refined  oil  for  any  one  month,  has  for  con- 
venience been  called  the  storage-consumption  coefficient,  or  the 
months'  supply  in  storage.  It  represents  the  oil  on  hand,  which  is  the 
factor  of  safety  on  which  the  stability  of  the  American  oil  industry 
depends.  This  monthly  coefficient  has  been  computed  for  the  last  3 
years  and  the  results  plotted  are  worth  noting. 

During  1917  and  part  of  1918,  there  was  in  storage  enough  oil  to 
supply  the  demands  of  the  industry  for  about  6  months.  From  Novem- 
ber: 1918,  to  April,  1919,  the  factor  of  safety  increased;  in  other  words,  the 
available  storage  could  take  care  of  the  total  output  for  7  months  without 
additional  production.  From  April  to  December  there  was  a  gradual 
decline  and  by  the  end  of  1919  there  was  in  storage  only  enough  oil  to 
take  care  of  4)^  months  of  supply,  which  factor  was  kept  practically 
unchanged  to  January,  1921.  The  conditions  of  supply  and  storage 
during  the  past  year  have  been  erratic,  with  a  sharp  increase 
during  February  and  fairly  uniform  for  the  balance  of  the  year;  there 
was  in  storage  in  December,  1921,  enough  oil  to  meet  the  demands 
of  about  G  months  at  the  rate  of  consumption  and  exports  prevail- 
ing in  December. 

The  fluctuations  of  this  storage-consumption  coefficient  from  August, 
1917,  to  the  end  of  1921  show  that  there  was  on  an  average  close  to  5}4 
months  of  available  supply  in  storage,  the  fluctuations  ranging  between 
73^  months  for  February,  1921,  to  4  months  in  August,  1920.  At  no  time 
during  the  past  43^  years  has  there  been  too  much  safety  nor  too  much 
oil  in  sight  if  the  magnitude  of  the  American  oil  industry  and  its  prepon- 
derance over  the  world's  supply  is  taken  into  account.  It  is  also  evident 
that  conditions  during  1921  were  by  no  means  exceptional;  in  fact,  when 
the  increased  consumption  and  needs  for  oil  are  taken  into  account,  the 
additional  home  production  and  foreign  imports  have  not  more  than  met 
the  increased  demands  and  maintained  the  corresponding  average 
factor  of  safety  represented  by  oil  in  storage. 

It  should  be  further  borne  in  mind  that  1921  was  a  year  of  business 
depression  and  that  even  under  these  unfavorable  conditions  there  was 
enough  demand  to  absorb  the  increased  production  and  maintain  the 
factor  of  safety  of  the  industry  within  average  figures. 

Relation  between  Storage-consumption  Coefficient  and  Price  of  Oil 

It  is  interesting  to  compare  this  storage-consumption  coefficient  with 
the  average  oil  price  for  the  same  period;  therefore  the  monthly  average 
of  posted  prices  for  Mid-Continent,  California,  and  Gulf  Coast  crudes 
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were  plotted  against  the  oil-supply-in-store  figures.  Fig.  3  shows  that  the 
average  oil  price  was  fairly  constant  during  1917,  1918,  and  part  of  1919, 
but  at  the  end  of  1919  there  was  a  gradual  increase  in  prices  correspond- 
ing to  the  decrease  of  safety  afforded  by  the  re- 
duced stocks,  and  by  April,  1920,  the  average  oil 
price  had  reached  $2.73  per  bbl.,  which  price 
prevailed  with  little  fluctuation  until  October. 
Coincident  with  the  sudden  increase  of  oil  in 
storage,  as  compared  with  consumption  at  the 
beginning  of  1921,  there  was  a  rapid  drop  in  the 
price  of  oil  which  continued  to  August,  when  the 
average  price  of  oil  was  $1,  which  is  the  lowest 
figure  recorded  during  the  last  5  years.  The 
readjustment  of  the  storage-consumption  coeSi- 
cient  since  February,  1921,  was  not  reflected  in 
the  average  oil  prices  until  November  of  that 
year,  when  the  average  price  was  raised  to  $1.43 
per  barrel. 

The  curves  show  the  close  relationship  ^be- 
tween the  storage-consumption  coefficient  and 
the  oil  price;  in  fact,  they  show  that  the  prices 
of  oil  depend,  to  a  great  extent,  on  the  stability 
of  the  industry,  which  in  turn  is  represented  by 
the  ratio  between  the  oil  in  sight — the  available 
supply  represented  by  the  oil  in  storage  above 
ground — and  the  total  consumption  for  the  cor- 
responding period.  They  also  show  that  in 
comparison  to  the  previous  years,  the  sharp 
decrease  in  price  during  1921  was  not  justified, 
or  at  least  that  the  radical  drop  to  an  average 
price  of  $1  was  not  warranted  in  view  of  the 
comparative  low  safety  afforded  by  the  propor- 
tionately small  amount  of  oil  in  storage;  also  that 
the  present  oil  prices  if  anything,  are  low  in  com- 
parison to  the  storage-consumption  coefficient. 


Controlling  Importance  of  Mexican  Production 


In  Table  1,  columns  H,  I,  and  J  show  the 
dependence  of  the  American  oil  industry'  on 
the   importation   of   Mexican    oil.     Column  H  "^h^^ow 

shows  the  difference  between  American  consumption  plus  exports  and 
domestic  production,  in  other  words,  the  amount  of  oil  that  is  needed 
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Table  1. — Petroleum  Statistics  of  Last  Three  Years 

In  Millions  of  Barrels 


U.  S.  A. 

Produc- 
tion, 
U.S. 
G.  S. 


U.  S.  A. 
Im- 
ports, 

AU 
Prod- 
ucts, 
Dept. 
Com- 
merce 


De- 
crease 

in 
Stocks, 

AU 
Prod- 
ucts 


Total    ' 

In- 
come, 

All 
Prod- 
ucts 
1+2  4-3 


U.  S.  A. 
Ex- 
ports, 

AU 
Prod- 
ucts, 
Dept. 
Com- 
merce 


In- 
crease 

in 
Stocks, 

AU 
Prod- 
ucts 


Total 
Out 

Going 
5+6 


Do- 
mestic 
Con- 
sump- 
tion 
4-7 


Do- 
mestic 
Con- 
sump- 
tion 
Plus 
Ex- 
ports 
6+8 


1919 
January. .. 
February . 
March.   . . 

AprU 

May 

June 

July 

August  . . . 
September 
October. . . 
November. 
December. 

Total... 
1920 
January. . . 
February. 
March. . .  . 

AprU 

May 

June 

July 

August .  .  . 
September 
October. . . 
November. 
December. 

Total... 

1921 

January .  . 

February . 

March. . .  . 

April 

May 

June 

July 

August .  .  . 
September 
October. . . 
November. 
December. 

Total... 


30.20 
26.91 
30.23 
29.39 
29.99 
31.64 
33.89 
33.86 
33.67 
33  32 
32.11 
32.51 


377.72 

33.77 
32.73 
35.83 
35.58 
36.50 
36.95 
38.20 
39.06 
37.53 
39.59 
38.70 
38.96 


443.40 

37.85 
35.35 
40.97 
40.06 
42.04 
40.41 
40.33 
40.97 
36.62 
35.62 
37.78 
41.96 


4.03 
3.87 
3.55 
3.98 
4.86 
4.78 
4.63 
4.14 
4.49 
6.12 
5.19 
4.52 


0.39 


1.34 
1.89 
2.20 
4.94 
6.22 


34.23 
30.77 
33.79 
33.37 
35.23 
36.42 
38.53 
39.35 
40.05 
41.64 
42.24 
43.24 


5.67 
4.07 
3.92 
5.31 
4.47 
6.17 
4.47 
4.56 
5.10 
6.65 
6.31 
6.16 


3.80 
1.30 
5.41 
4.08 

4.48 
0.36 


54.16        16.98      448.86  '     62.86 


6.37 

6.19 

6.64 

6.44 

7.07 

8.56 

6.85 

11.01 

11.96 

11.51 

14.14 

13.12 


1.14 


40.14 
39.05 
42.37 
42.03 
43.57 
45.51 
45.06 
50.07 
49.49 
51.10 
52.83 
52.08 


5.81 
5.68 
6.90 
6.42 
6.60 
6.40 
6.88 
6.31   I 
5.55  i 
7.53  , 
6.11  • 
7.92  j 


19.43 


1.40 


9  46 
5.38 
9  33 
9.40 
4.47 
10.65 
4.83 
4.56 
5.10 
6.65 
6.30 
6.16 


24.77 
25.40 
24  46 
23.97 
30.76 
25.78 
33.70 
34.79 
34.94 
34.99 
35.93 
37.08 


82.29      366.57      429.43 


0.26 
1  34 
2.33 
3.81 
7.87 
7.26 


7.22 

5.68 

8.65 

10.02 

6.71 

8.67 

7.14 

7.65 

7.87 

11  34 

13.98 

15.18 


82.92 
33.37 
33.72 
32.01 
36.86 
36.84 
37.92 
42.42 
41.62 
39.76 
38.85 
36.90 


30.43 
29.47 
28.38 
29.28 
35.24 
31.94 
38.17 
39.35 
40.05 
41.64 
42.24 
43.24 


38.74 
39.05 
40.62 
38.42 
43.46 
43.24 
44.80 
48.73 
47.16 
47.29 
44.97 
44.82 


108.76 


13.65  I 

11.64 

12.70 

10.21 

9.38 

10.48 

8.37 

3.61 

9.35 

11.71 

13.43 

14.31 


1.14      553.30 


61.40 
46.99 
53  67 
50.27 
51.42 
50.89 
48.70 
51.75 
48.09 
48.11 
51.21 
56.27 


78.11   !     32.00      110.11      443.19  i  521.30 


7.43 
6.13 
5  65 
5.60 
4.67 
4.87 
4.36 
5.64 
6.60 
6.04 
5.40 
5.46 


4.34 

15.04 
9.31 
8.15 

11.94 
8.81 
4.97 


fl.66 
7.10 


11.77 

21.17 

14.96 

13.75 

16.61 

13.68 

9.33 

6.64 

5.60 

6.04 

12.06 

12.56 


39.63 
25.82 
38.71 
36.52 
34.81 
37.21 
39.37 
46.11 
42.49 
42.07 
39.20 
43.71 


47.06 
31.95 
44.36 
42.12 
39.48 
42.08 
43.73 
51.75 
48.09 
48.11 
44.60 
49.17 


469.96 


128.74    10.07   608.77  I  66.85   76.32   143  17   465.65  I  532.50 
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Table  1. — Petroleum  Statistics  of  Last  Three  Years. — Continued 


999 


Stocks 


Crude  in  Fields 


Net, 
U.  S. 
G.  S. 


Gross, 
U.  S. 
G.  S. 


Crude 

at 
Refiner- 
ies, 
U.S. 
B.  M. 


Mexican 

Crude 

in 

U.  S.  A., 
U.S. 
G.  S. 


Total 

Crude 

A+B  + 

C 


Refined 
Prod- 
ucts, 
U.  S. 
B.M. 


Grand 
Total 
D+E 


Storage- 
con- 
sumption 

Co- 
efficient 


1919 

January.  . 
February . 
March . .    . 

April 

May 

June 

July 

August. .  . 
September 
October .  .  , 
November, 
December . 


1920 

January 

February.  .  .  . 

March 

April 

May 

June  

July 

August 

September . .  . 

October 

November .  . . 
December .  .  . 


1921 

January j     117.10 

February 121.71 

March 128.75 

April 134.72 

May 143.61 

June 151 .34 

July 159.03 

August 162.81 

September....  164.08 

October 163.33 

November....  163.81 

December.  .  .  .  170.35 


127.78 

16.47 

126.98 

16.00 

129.21 

16.23 

130.73 

16.17 

130.32 

17.15 

134.00 

18.05 

140.09 

16.34 

136.47 

16.06 

137.13 

15.10 

135.46 

16.06 

131.60 

15.10 

127.87 

14.28 

127.16 
126.34 
125.60 
125.00 
124.69 
126.76 
128.17 
129.04 
128.79 
129.45 
131.33 
133.69 


130.32 
135.09 
142.08 
147.86 
156.56 
164.79 
172.49 
176.35 
177.38 
176.25 
176.44 
182.48 


14.17 
14.36 
15.15 
15.90 
16.17 
17.20 
17.99 
18.98 
19.90 
20.38 
22.39 
22.38 


22.36 
23.83 
22.69 
22.42 
21.93 
21.81 
22.80 
19.98 
17.25 
18.83 
19.54 
19.00* 


2.57 
2.38 
2.16 
2.29 
2.50 
3.16 
2.65 
3.94 
4.19 
5.55 
6.60 
7.44 


8.13 

10.75 

11.97 

10.30 

10.20 

9.71 

8.32 

5.29 

7.29 

9.27 

12.20 

13.54 


144.25 
142.98 
145.44 
146.89 
147.47 
152.04 
156.43 
152.53 
152.23 
151.52 
146.70 
142.16 


143.90 
143.08 
142.90 
143.18 
143.36 
147.12 
148.81 
151.97 
152.87 
155.38 
160.32 
163.51 


160.81 
169.67 
176.74 
180.58 
188.69 
196.31 
203.61 
201.62 
201.92 
204.35 
208.18 
215.02 


49.09 
51.66 
54.61 
57.24 
56.27 
56.18 
52.15 
54.70 
63.11 
51.62 
51.50 
49.83 


49  49 
49.17 
51.05 
54.42 
54.35 
52.86 
51.43 
49.61 
51.03 
52.33 
55.19 
59.26 


66.30 
72.48 
74.72 
79.03 
82.86 
84.05 
81.72 
76.54 
74.12 
70.91 
73.74 
74.09* 


193.34 
194.64 
200.05 
204.13 
203.74 
208.22 
208.58 
207 . 24 
205.34 
203.14 
198.20 
191.98 


193.39 
192.25 
194.00 
197.60 
197.71 
199.98 
200.24 
201.58 
203.90 
207.71 
215.51 
222.77 


227.11 
242.15 
251.46 
259.61 
271.55 
280.36 
285.33 
278.56 
276.04 
275.26 
281.92 
289.02 


6.4 
6.6 
7.0 
7.0 
5.8 
6.5 
5.5 
5.3 
5.1 
4.9 
4.7 
4.4 


5.0 

4.9 
4.8 
5.1 
4.5 
4.6 
4.5 
4.1 
4.3 
4.4 
4.8 
5.0 


4.8 
7.6 
5.7 
6.2 
6.9 
6.7 
6.5 
5.4 
6.7 
5.7 
6.4 
5.9 


'  Estimated. 
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Table  1. — Peiroleum  Statistics  of  Last  Three  Years. — Continued 


Oil  Prices 


H 


M 


9-1 


Mexican 
Imports 

into 
U.  8.  A., 

Dept. 
Commerce 


Difference 
between 
H  &  I 


Mid. 
Cent. 


Calif. 
21°  B. 


N 


Gulf 
Coast 


Aver- 
age 


1919  I 

January 0.23             3.89 

February 2.56     '         3.66 

March R  1.15     |         3.49 

April R0.09     i         3.97 

May 5.25     i         4.74 

June 0.30     |         4.70 

July 4.27     !         4.40 

August 5.49              4.14 

September 6.38              4.44 

October 8.32              5.89 

November 10.12              4.94 

December 10.73              4.35 

Total 

1920 

January 4. 97 

February 6.33 

March 4.79 

April 2.84 

May I  6.96 

June !  6.29 

July :  6.59 

August 9.67 

September 9.63 

October 7.70 

November 6.27 

December 5.86 

Total '  77.90          106.11 

1921 

January 9.21 

February R3.40 

March 3.39 

April 2.06 

May R2.56 

June 1.67 

July 3.40 

August 10.78 

September i  11.47 

October [  12.49 

November 6.82 

December 7.21 

I  I- 

Total I     125.83 


52.74 

6.29 

4.94 

6.50 

6.19 

6.96 

8.12 

6.77 

10.72 

11.65 

11.36 

13.75 

12.84 


3.67 

1.09 

5.34 

4.07 

R0.51 

4.40 

0.22 

R  1.34 

R  1.94 

R2.43 

R  5.19 

R6.39 


1.32 

R  1.39 

1.71 

3.35 

1.83 
0.17 
1.07 
2.02 
3.67 
7.48 
6.98 


$2.25 
2.25 
2.25 
2.25 
2.25 
2.25 
2.25 
2.25 
2.25 
2.25 
2.33 
2.58 


2.97 
3.00 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 


J1.29 
1.29 
1.29 
1.29 
1.29 
1.29 
1.29 
1.29 
1.29 
1.29 
1.29 
1.29 


1.29 
1.33 
1.33 

1.58 
1.58 
1.58 
1.70 
1.70 
1.70 
1.70 
1.70 
1.70 


11.62 
1.25 
1.15 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.31 


1.70 
2.84 
2.50 
2.80 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
2.86 
2.50 


$1.72 
1.59 
1.56 
1.51 
1.51 
1.51 
1.51 
1.51 
1.51 
1.51 
1.54 
1.73 


1.99 
2.06 
2.44 
2.63 
2.69 
2.69 
2.73 
2.73 
2.73 
2.73 
2.69 
2.56 


13.19 

3.98 

3.40 

1.70 

2.32 

2.47 

11.38 

14.78 

1.87 

1.70 

1.34 

1.64 

12.30 

8.91 

1.75 

1.70 

1.25 

1.57 

10.04 

7.98 

1.75 

1.70 

1.10 

1.52 

9.15 

11.71 

1.50 

1.45 

1.00 

1.32 

10.21 

8.54 

1.22 

1.45 

0.89 

1.19 

8.05 

4.65 

1.00 

1.45 

0.80 

1.08 

3.35 

R7.43 

1.00 

1.20 

0.80 

1.00 

9.09 

R2.38 

1.00 

1.20 

0.80 

1.00 

11.58 

R0.91 

1.42 

1.20 

0.95 

1.19 

12.99 

6.17 

1.90 

1.20 

1.18 

1.43 

14.50 

7.29 

2.00 

1.20 

1.25 

1.48 
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from  foreign  fields  to  break  even  and  keep  the  American  industry  going. 
Only  during  the  months  of  March  and  April,  1919,  was  more  oil  produced 
in  the  United  States  than  was  actually  utilized  and  exported.  The 
deficiency  has  been  gradually  increasing  from  1,000,000  or  2,000,000  bbl. 
at  the  beginning  of  1917  to  7,210,000  bbl.  at  the  end  of  1921.  Column  I 
shows  Mexican  imports  into  the  United  States,  and  column  J  shows  the 
excess  of  imports  over  deficiency;  it  further  indicates  that  during  10 
months  in  the  last  3  years,  even  with  the  Mexican  imports,  there  was  not 
enough  oil  available  to  supply  American  consumption  and  exports;  this 
was  the  case  during  August,  September,  and  October,  1921.  An  analysis 
of  these  figures  will  demonstrate  the  absolute  dependence  of  the  Ameri- 
can oil  industry  on  Mexican  oil  imports,  which  are  needed  not  only 
to  take  care  of  foreign  business  but  to  meet  the  domestic  needs  of  the 
United  States. 

Mexican  Oil  Taxes 
The  Ad  Valorem  Tax 

In  a  paper  presented  to  the  Institute  a  year  ago,  the  writer  recom- 
mended that  Mexican  oil  taxes  be  figured  on  a  more  reasonable  basis, 
and  that  volume  rather  than  weight  relations  be  employed;  that  the 
mooted  question  of  the  value  of  Mexican  oils  in  Mexico  as  a  basis  for 
taxation  be  substituted  by  a  relation  to  the  average  oil  prices  in  the 
United  States;  and  that  other  minor  changes  be  made  to  conform  as 
much  as  possible  with  the  current  American  practice.  As  a  result  of  this 
work  and  in  accordance  with  independent  studies  made  by  the  Mexican 
Government,  the  ad  valorem  tax  in  operation  a  year  ago  was  abrogated 
and  in  its  place  a  tax  was  put  into  effect  as  per  decree  of  May  24,  in  which 
practically  all  the  points  above  noted  were  incorporated.  This  tax  has 
since  been  collected  in  full  by  the  Mexican  Government  from  month  to 
month,  and  its  amount  has  fluctuated  with  the  average  American 
oil  prices. 

Infalsificable  Tax 

The  paper  redemption  tax,  or  Infalsificable,  was  abrogated  and  has 
not  been  collected  since  Aug.  1,  1921. 

The  Export  Tax 

For  the  special  purpose  of  taking  care  of  the  foreign  debt,  according 
to  arrangements  to  be  made  at  a  later  date,  the  Mexican  Government 
instituted  as  per  decree  of  June  7,  1921,  a  fixed  tax,  which  was  created  by 
additions  to  the  export  tariffs  of  the  country;  this  tax  went  into  effect 
on  July  1  and  is  in  effect  today. 
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In  September,  a  committee  representing  the  Association  of  American 
Producers  in  Mexico,  headed  by  Walter  Teagle,  held  a  series  of  con- 
ferences in  Mexico  City  with  Secretary  of  the  Treasury  de  la  Huerta 
with  a  view  of  revamping  this  export  tax.  Although  the  results  of  these 
conferences  have  not  been  made  public,  enough  has  been  given  to  the 
press  to  warrant,  with  a  degree  of  assurance,  the  statement  that  the 
general  bases  of  the  agreement  are  as  follows: 

1.  The  Mexican  Government  advised  the  Committee  that  it  was 
willing  to  receive  in  payment  for  the  export  tax  Mexican  bonds  at  their 
face  value;  in  other  words,  the  Government  would  receive  $1000  Mexican 
Bond  for  $1000  worth  of  export  taxes  as  per  decree  of  June  7. 

2.  The  Committee  agreed  to  negotiate  with  the  committee  of  bankers, 
headed  by  Thomas  Lamont,  with  the  object  of  obtaining  its  cooperation 
and  the  necessary  bonds  for  carrying  out  the  scheme;  in  other  words,  the 
Committee  was  to  reach  an  agreement  with  the  bankers,  before  being 
able  to  pay  the  tax  with  bonds, 

3.  Dec.  25,  1921,  was  set  as  the  time  hmit  for  the  Committee 
to  complete  the  arrangements,  it  being  understood  that  if  by  that 
time  no  agreement  was  reached  with  the  bankers,  the  Mexican  Govern- 
ment was  to  receive  in  cash  40  per  cent,  of  the  taxes  due  from  July  1 
to  Nov.  30,  inclusive,  representing  the  average  cash  price  at  which  Mexican 
bonds  might  be  procured  within  those  dates. 

4.  No  agreement  was  reached  prior  to  Dec.  25  between  the  Teagle  and 
Lamont  Committees  so  the  Mexican  Government  extended  the  time  for 
an  indefinite  period,  with  the  understanding  that  the  term  could  expire 
with  a  10  days'  notice  from  the  Mexican  Government.  It  is  further 
understood  that  no  agreement  having  been  reached  between  the  Com- 
mittees, the  Mexican  Government  a  short  time  ago  notified  the  Teagle 
Committee  that  the  taxes  from  July  1  to  Dec.  1,  1921,  inclusive,  would 
be  paid  in  cash  at  40  per  cent,  of  their  face  value  and  that  the  taxes 
from  Dec.  1  on  would  be  paid  either  fuU  value  in  cash,  or  in  bonds  which 
could  be  furnished  by  the  Mexican  Government  in  case  the  Teagle  Com- 
mittee is  unable  to  procure  bonds  from  the  committee  of  bankers. 

5.  The  Mexican  Government  has  repeatedly  made  the  statement  that 
the  money  levied  from  this  tax  would  not  be  used  for  any  other  purpose 
than  reducing  the  amount  of  its  foreign  obhgations  and  that  the  money 
so  collected  would  be  turned  over  to  some  bank  which  would  handle 
said  funds  for  the  specified  purpose. 

Summary 

The  information  herein  recorded  may  be  summarized  as  follows : 
1.  Production  of  the  Panuco  field  will  remain  stationary  or  gradually 
dechne  during  1922.     Production  from  the  fields  yielding  light  oil  should 
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show  a  sharp   decHne   during  the  year,   beginning  sometime   during 
the  summer. 

2.  The  decline  of  Mexican  production  may  be  partly  neutralized  if 
the  development  work  now  being  started  between  Tepetate  and  Dos 
Bocas  proves  successful;  also,  if  the  result  of  an  intensive  drilling  cam- 
paign between  Alamo  and  Potrero  meets  the  optimistic  view  held  by 
some  operators. 

3.  Development  of  wildcat  drilling  in  northeastern  Mexico  and  the 
Isthmus  of  Tehuantepec,  although  of  great  importance  as  to  the  future 
supply,  should  not  offset  the  sharp  decline  anticipated  during  1922. 
Wildcatting  is  not  being  carried  on  in  Mexico  as  intensively  as  the 
importance  of  the  industry  warrants. 

4.  Notwithstanding  all  that  has  been  written,  the  conditions  of  the 
American  oil  industry  did  not  warrant  the  sharp  decline  in  prices  during 
the  first  half  of  1921  and  present  conditions,  as  regards  factor  of  safety 
and  stability,  do  not  warrant  any  further  curtailment  in  prices;  in  fact, 
the  American  oil  industry,  as  regards  supply  and  demand,  is  now  under 
normal  conditions  and  the  oil  prices  should  correspond  to  such  conditions. 

5.  The  absolute  dependence  of  the  American  oil  industry,  in  fact 
the  world's  oil  industry,  on  Mexican  production,  is  self-evident  and  a 
disastrous  effect  in  the  industry  from  a  rapid  curtailment  of  Mexican 
production  will  be  the  logical  consequence.  It  follows  that  the  intelligent 
development  of  the  Mexican  oil  fields  is  a  first  necessity  to  the  stability 
of  the  American  oil  industry. 

6.  Mexican  taxation  is  now  levied  on  a  reasonable  basis,  which  will 
do  much  toward  stabilizing  the  world's  petroleum  industry,  which  is 
absolutely  dependent  on  Mexican  and  American  production.  The  new, 
or  export,  tax  levied  for  the  sole  purpose  of  reducing  its  foreign  obliga- 
tions, has  been  in  effect  since  July  1,  1921,  and  must  be  paid  by  exporters 
of  Mexican  oil  either  in  cash  or  in  Mexican  bonds. 

7.  Perhaps  the  outstanding  feature  of  the  Mexican  operations  during 
the  last  year  has  been  the  friendly  undertone  that  has  prevailed  in  aU 
matters  in  which  American  operators  and  the  Mexican  officials  have 
come  in  contact,  this  being  due  primarily  to  the  radical  departure  from  the 
old  practice  prevailing  for  many  years  when  both  the  Mexican  Govern- 
ment and  American  operators  were  dealing  through  intermediaries, 
mostly  attorneys,  whereas  all  dealings  during  the  last  year  have  been 
transacted  between  Secretary  de  la  Huerta  of  the  Obregon  Cabinet  and 
the  presidents  of  five  of  the  leading  American  oil  companies. 
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Petroleum  Reserves  of  Central  America* 

By  Arthub  H.  Redfieu),  Washington,  D.  C. 

(New  York  Meeting,  February,  1922) 

In  estimating  the  unmined  petroleum  reserves  of  Central  America,  it 
is  not  feasible  to  employ  the  methods  that  have  been  worked  out  in  the 
oil  fields  of  the  United  States.  No  producing  wells  have  been  brought  in 
and  no  drilling  sections  have  been  made  public .  It  is  accordingly  necessary 
to  fall  back  on  a  crude  "barrels  per  square  mile"  estimate.  The  method 
chosen  is  a  comparison  of  the  structure  of  the  foreign  field  of  unknown 
reserves  with  that  of  some  supposedly  analogous  North  American 
field  of  which  the  reserves  have  been  estimated.  This  method  makes 
no  pretense  at  scientific  accuracy,  but  furnishes  a  working  basis  for 
an  estimate. 

The  areal  geology  of  Central  America  is  illustrated  in  the  map 
prepared  by  Sapper  and  more  recently  in  the  geologic  map  of  North 
America  accompanying  U.  S.  Geological  Survey  Professional  Paper  No. 
71,  "Index  to  the  stratigraphy  of  North  America."  Disregarding  for 
the  present  the  narrow  Quaternary  coastal  plains  and  alluvial  deposits 
of  the  river  valleys,  three  chief  zones  may  be  distinguished.  These  are: 
A  zone  of  late  eruptive  and  effusive  rocks;  a  zone  of  highly  folded  pre- 
Cambrian(?)  or  early  Paleozoic  crystalline  schists  and  slates,  consid- 
erably intruded  by  pre-Tertiary  plutonic  rocks;  and  a  zone  of  more  or 
less  folded  sediments,  chiefly  of  Cretaceous  or  Tertiary  age. 

The  zone  of  late  eruptive  and  effusive  rocks  of  Central  America 
begins  in  southeastern  Chiapas,  IMexico,  and  extends,  with  increasing 
breadth,  across  southern  Guatemala,  across  practically  the  whole  of  El 
Salvador,  and  across  southern  Honduras  to  the  valley  of  Rio  Goascoran, 
where  the  igneous  zone  attains  a  width  of  about  100  mi.  (160  km.)  East 
of  the  Goascordn  Valley  late  eruptives  and  effusives  play  a  subordinate 
part,  being  confined  largely  to  the  Departments  of  Valle  and  Choluteca. 
Dikes  and  sills  of  igneous  rocks  intrude  the  sedimentary  formations  of 
central  and  northern  Honduras. 

Late  igneous  rocks  cover  about  four-fifths  of  the  area  of  Nicaragua. 
In  Costa  Rica,  late  igneous  rocks  form  the  diagonal  ranges  of  the  Sierra 
de  Guanacaste  and  the  Cordillera  Central,  and  play  a  part  in  the  upbuild- 

*  Published  by  permission  of  the  Director,  U.  S.  Geological  Survey. 
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iug  of  the  Sierra  de  Talamanca.  Eruptive  and  effusive  rocks  form  the 
backbone  of  the  Isthmus  of  Panama  from  the  Costa  Rican  frontier  to 
the  Colombian  border. 

The  crystaUine  complex  attains  its  greatest  development  in  central 
Guatemala  and  northern  and  central  Honduras.  In  central  Guatemala, 
the  crystalline  complex  forms  three  parallel  mountain  arcs,  separated  by 
structural  valleys  filled  with  Tertiary  and  Quaternary  sediments.  One  of 
these  arcs  forms  the  boundary  range  between  Guatemala  and  Honduras 
and  is  continued  in  the  Bay  Islands  off  the  coast  of  Honduras.  East 
of  the  transverse  Ulua  Valley,  which  is  apparently  a  structural  depression, 
the  crystalline  complex  extends  in  a  series  of  mountain  arcs  of  flatter  curva- 
ture than  those  of  central  Guatemala.  In  Costa  Rica  and  Panama,  old 
crystalline  schists  do  not  appear.  Pre-Tertiary  intrusives  form,  however, 
the  core  of  the  Sierra  de  Talamanca.  This  range  is  continued  in  Panama. 
Exposures  of  plutonic  rocks  occur  at  intervals  in  the  complex  of  late 
eruptives  and  effusives  that  form  the  backbone  of  the  isthmus. 

The  sedimentary  zone  is  greater  on  the  Caribbean  side  of  Central 
America  than  on  the  Pacific  side.  It  comprises  formations  ranging 
in  age  from  the  Carboniferous  to  the  recent.  The  greater  part  of  the 
sediments  of  northern  Central  America,  however,  are  not  older  than 
the  Cretaceous;  and  in  southern  Central  America  no  deposits  older  than 
the  Tertiary  are  known.  An  arc  of  Carboniferous  sediments,  largely 
limestones,  extends  in  central  Guatemala  from  western  Huehuetenango 
to  Rio  Cobd,n.  A  horst  of  Lower  Carboniferous  sediments,  intruded 
by  granites  and  quartz  porphyries,  occupies  the  central  portion  of 
British  Honduras  and  extends  into  the  Department  of  El  Peten, 
Guatemala.  These  are  the  only  known  occurrences  of  unaltered  Paleozoic 
sediments  in  Central  America. 

Limited  outcrops  of  Triassic  sediments  occur,  notably  the  Todos 
Santos  strata  of  Huehuetenango,  Guatemala,  and  the  Tegucigalpa  strata 
of  Honduras.  Generally,  however,  no  Mesozoic  strata  older  than  the 
Lower  Cretaceous  are  exposed  in  Central  America. 

In  Guatemala,  Lower  and  Middle  Cretaceous  limestones  and  dolomites 
occupy  the  greater  part  of  the  Departments  of  Huehuetenango,  El 
Quiche,  Alta  Verapaz,  and  Izabal,  as  well  as  important  areas  in  the 
center  and  southeast  of  El  Peten.  From  southeastern  Peten  the  Creta- 
ceous zone  continues  into  southern  British  Honduras.  In  the  north  and 
center  of  Spanish  Honduras,  highly  folded  Cretaceous  sediments  form 
valleys  and  ranges  between  the  mountain  arcs  of  the  crystalline  complex. 
The  occurrence  of  Cretaceous  sediments  in  the  southern  half  of  Central 
America  is  open  to  doubt.  In  Costa  Rica,  the  San  Miguel  limestone 
referred  by  Hill  to  the  Cretaceous,  is  considered  by  Romanes  to  be  no 
older  than  Tertiary.  In  Panama,  no  sediments  older  than  the  Eocene 
have  been  determined. 


1006  PETKOLEUM  RESERVES   OF  CENTRAL  AMERICA 

The  largest  area  of  uninterrupted  Tertiary  sediments  occurs  in  the 
Department  of  El  Peten,  Guatemala,  and  in  the  northern  third  of  British 
Honduras.  Outcrops  of  Tertiary  sediments  do  not  occur  in  El  Salvador; 
in  Spanish  Honduras  and  in  Nicaragua  they  are  isolated  and  of  limited 
extent.  The  second  largest  area  of  Tertiary  sediments  extends  with 
varying  breadth  in  southern  Central  America,  from  Rio  San  Juan,  Costa 
Rica,  to  the  Colombian  border  of  Panama.  On  the  Pacific  coast  of 
southern  Central  America,  Tertiary  sediments  occupy  the  narrow  neck 
of  land  between  Lake  Nicaragua  and  the  Pacific  Ocean,  and  form  the 
coastal  ranges  and  cordilleran  foot  hills  from  the  Gulf  of  Nicoya  to  IVIala 
Bay  and  continue  beyond  Rio  Diquis  to  the  Panama  frontier.  They 
continue  in  Panama  along  the  Pacific  coast  of  the  isthmus  and  attain  their 
greatest  breadth  on  the  Azuero  Peninsula  and  southeast  of  San 
Miguel  Bay. 

Tectonics 

All  of  the  sedimentary  formations  of  Central  America  older  than  the 
Miocene  have  evidently  undergone  considerable  dislocation  by  folds 
and  flexures,  faults,  and  combinations  thereof.  The  older  rocks  generally 
show  stronger  folding  and  more  marked  dislocation.  The  highest  degree 
of  diastrophism  exists  in  the  crystalhne  schists,  manj^  of  which  probably 
represent  altered  Paleozoic  sediments.  In  contrast,  the  Pliocene  and 
Quaternary  deposits  of  Central  America  are  generally  horizontal,  or 
show  only  slight,  very  flat  folds  and  elevations  of  the  strata.  On  the 
other  hand,  many  faults  with  vertical  displacement  occur. 

The  present  disturbed  state  of  the  formations  of  Central  America  gives 
evidence  of  four  principal  periods  of  diastrophism :  At  or  before  the  close 
of  the  pre-Cambrian;  at  the  close  of  the  Paleozoic;  late  in  or  at  the  close  of 
the  jMiocene;  and  late  in  or  after  the  Pliocene.  The  pre-Cambrian  (?) 
and  Paleozoic  folding  developed  the  cordilleran  axes  of  central  Guate- 
mala and  central  and  northern  Honduras.  The  IMiocene  movements, 
less  intense  than  the  Paleozoic,  developed  the  mountain  ranges  in  the 
IMesozoic  beds  of  central  Guatemala  and  central  Honduras,  and  initiated 
the  cycle  of  erosion  in  which  the  dissection  of  the  present  mountains  was 
accomphshed.  The  late  Pliocene  or  post-Pliocene  movements,  which 
were  evidently  both  vertical  and  tangential,  folded  and  faulted  the 
late  Tertiary  sediments  from  Yucatan  southward  through  the  Caribbean 
coastal  plain  of  Honduras. 

As  a  result  of  these  movements  the  tectonic  lines  of  Central  America 
have  a  characteristic  east-west  trend  to  which  Sapper  gives  the  name  of 
"Central  American  strike."  This  trend  is  not  everywhere  locally 
apparent,  as  the  lines  of  strike  form  two  principal  series  of  arcs,  which 
convex  toward  the  south.  These  are  represented  in  the  physiography  of 
Central  America  by  two  arc-shaped  systems  of  mountains,  the  arcs  of 
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which  meet  at  a  sharp  angle  somewhere  under  the  igneous  flows 
of  Nicaragua. 

The  northern,  or  Guatemalan,  system,  to  employ  Sapper's  termin- 
ology, has  greater  length  and  breadth  than  the  southern,  or  Costa 
Rican,  system.  It  consists  of  a  series  of  pre-Cambrian  (?)  or  early  Paleo- 
zoic and  Carboniferous  mountain  ranges,  extending  in  a  flat  arc,  which  is 
convex  toward  the  south  from  Chiapas  across  central  Guatemala  and 
western  Honduras  to  the  Humuya-Ulua  Valley,  which  interrupts  the 
trend  of  the  ranges  and  appears  to  be  a  structural  depression,  perhaps  a 
graben  between  parallel  faults  transverse  to  the  mountain  arcs.  East  of 
this  so-called  Honduras  Depression,  the  pre-Cambrian  (?)  and  Paleozoic 
ranges  continue,  but  in  a  much  flatter  arc.  The  trend  of  these  older 
sediments,  with  their  accompanying  intrusive  rocks,  is  closely  paralleled 
by  the  Cretaceous  sediments  of  central  Guatemala  and  central  Honduras 
and  by  the  Tertiary  sediments  of  El  Peten  and  northern  British  Honduras. 

The  southern,  or  Costa  Rican,  system  consists  principally  of  two 
mountain  arcs  of  parallel  curvature,  with  short  parallel  neighboring 
chains.  Its  trend  is  parallel  to  that  of  the  isthmus.  These  mountains 
are  believed  by  Sapper  to  have  resulted  from  the  Miocene  movements. 
In  the  geologic  map  of  North  America  accompanying  U.  S.  Geological 
Survey  Professional  Paper  No.  71,  however,  the  Sierra  de  Talamanca  of 
southern  Costa  Rica  is  mapped  as  pre-Tertiary. 

The  intersection  of  the  two  mountain  systems  of  Central  America  in 
Nicaragua  is  not  apparent.  The  greater  part  of  the  surface  of  this 
republic  is  covered  by  late  eruptives  and  tuffs,  which  effectively  conceal 
the  underlying  structure. 

The  Miocene  and  Pliocene  folding  movements,  to  which  the  present 
structure  of  the  Cretaceous  and  Tertiary  sediments  are  due,  were  in 
general  parallel  to  the  preceding  tectonic  movements.  The  folded 
Cretaceous  and  Tertiarj'-  sediments  of  central  and  northern  Guatemala, 
central  Honduras,  and  British  Honduras  show  the  same  curved  lines  of 
strike,  convex  to  the  south,  as  do  the  older  mountain  ranges  with  which 
they  are  associated.  The  Tertiary  sediments  which  flank  the  cordilleras 
of  Costa  Rica  and  Panama  trend  parallel  to  the  S-shaped  curve  of 
the  isthmus. 

VULCANISM 

The  four  principal  periods  of  diastrophism  in  Central  America  may 
have  been  also  the  chief  periods  of  vulcanism.  Volcanic  action  in  the 
present  central  portion  of  Central  America  undoubtedly  began  before 
the  Miocene  deformation,  as  the  earlier  volcanic  rocks  are  steeply  folded. 
Pre-Tertiary  plutonic  rocks  cut  the  crystalline  complex  in  northern 
Central  America  and  similar  plutonic  rocks  form  some  of  the  sierras  of 
eastern  Honduras.     In  the  period  of  volcanic  activity  that  began  in  the 
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late  Miocene  large  areas  of  Giiateiuala,  Honduras,  Salvador,  and  Nica- 
ragua were  covered.with  igneous  flows  and  tuff  deposits,  the  Cretaceous  sedi- 
ments of  northern  and  central  Honduras  were  intruded,  and  the  Cordilleras 
of  northern  Costa  Rica  and  of  Panama  were  built  up.  The  late  Pliocene 
or  post-Pliocene  movements  were  accompanied  by  vulcanism,  which 
resulted  in  a  series  of  volcanoes  along  the  Pacific  coast,  some  of  which 
are  dormant  today. 

The  alignment  and  order  of  the  late  volcanoes  that  border  the  Pacific 
coast  of  northern  Central  America,  indicate  the  existence  of  lines  of 
dislocation  of  a  special  character,  unrelated  to  the  older  mountain  arcs. 
The  most  important  volcanoes  of  northern  Central  America  (Guatemala 
to  Nicaragua)  are  arranged  in  a  few  converging  lines,  which  trend  gen- 
erally west-northwest  by  east-southeast.  These  longitudinal  lines  of 
vulcani«m  are  intersected  by  several  short,  transverse  lines.  The  main 
lines  appear  to  indicate  the  course  of  fault  lines  that  arose,  as  suggested 
by  Powers,  from  the  subsidence  of  the  Pacific  Ocean  basin. 

In  southern  Central  America,  the  majority  of  the  volcanic  cones 
occur  along  the  crest  of  the  north  Costa  Rican  mountain  arc.  A  single 
volcanic  peak,  that  of  Chiriqui,  rises  from  the  south  Costa  Rican  Cordil- 
lera. The  lines  of  volcanic  activity  in  southern  Central  America  do 
not  seem  to  have  moved  to  any  great  extent  since  greater  activity  in 
Tertiary  times. 

Age  of  Possible  Oil-bearing  Formations 

No  indications  of  petroleum,  asphalt,  or  other  hydrocarbons  have 
been  reported  in  Mexico  or  Central  America  in  rocks  older  than  the 
Cretaceous.  The  Tamasopo  limestone  of  the  Tampico-Tuxpam  fields 
of  Mexico  belongs  to  the  ^liddle  Cretaceous,  according  to  the  Geological 
Institute  of  Mexico.  The  principal  oil-bearing  horizon  of  the  Tehuan- 
tepec  and  Tabasco-Chiapas  fields  of  Mexico  is  a  Cretaceous  dolomitic 
limestone.  The  reported  bitumen  seepages  in  Guatemala  occur  in  the 
Coban  limestone  of  probable  Lower  Cretaceous  age.  The  seepages 
reported  in  Honduras  may  be  traced  to  the  Metapan  formation  in  which 
Lower  Cretaceous  fossils  have  been  found.  In  Costa  Rica  and  Panama,  the 
oil-bearing  formation  belongs  apparently  to  the  Oligocene  (or  Miocene). 

Possible  Oil-bearing  Areas 

On  the  basis  of  the  preceding  summary  of  the  geology  of  Central 
America,  the  discussion  of  the  probaljle  oil  reserves  may  be  confined  to 
three  major  areas:  Central  and  northern  Guatemala  and  portions  of 
southern  and  northern  British  Honduras;  certain  limited  zones  in 
northern  and  central  Honduras;  both  the  Caribbean  and  Pacific  coastal 
zones  of  Costa  Rica  and  Panama. 

Salvador  is  excluded  because  of  the  prodominanco  of  lato  eruptive  and 
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effusive  rouks  in  its  geologic  structure,  and  Nicaragua,  because  of  the 
preponderance  of  late  igneous  rocks  over  three-fourths  of  its  area.  In 
Nicaragua,  the  known  sedimentary  rocks  are  intruded  in  several  places. 
No  well-authenticated  seepages  occur  in  the  known  sediments,  which  are  pre- 
dominantly shaly  in  character;  and  few  beds  of  a  carbonaceous  character 
occur.  The  only  area  that  appears  to  offer  any  possibilities  of  containing 
sedimentary  formations  of  any  considerable  extent  with  favorable  struc- 
tures is  the  Mosquito  Coast  (Department  of  Zelaya);  and  practically 
nothing  is  known  about  the  geology  of  this  area.  It  is  not  impossible 
that  limited  petroleum  reserves  exist  in  Nicaragua,  but  too  little  is  known 
of  the  sedimentary  formations  of  the  republic  to  hazard  an  estimate  as  to 
their  extent. 

Guatemala  and  British  Honduras 

Both  the  petrographic  character  and  the  structure  of  the  Cretace- 
ous and  Tertiary  sediments  of  northern  Guatemala  are  favorable  to  the 
occurrence  of  petroleum  in  commercial  quantities.  In  these  sediments 
two  distinctly  bituminous  horizons  occur,  the  Cobdn  limestone  in  the 
Lower  Cretaceous  and  bituminous  limestones  in  the  Upper  Tertiary  of 
El  Peten.  The  numerous  beds  of  relatively  impervious  marl  and  lime- 
stone would  appear  to  insure  a  sufficient  cover  to  retain  the  hydrocarbons 
that  may  have  accumulated  in  the  sandstones,  conglomerates,  or  other 
porous  beds. 

The  Lower  and  Middle  Cretaceous  sediments  that  occur  in  Guatemala 
between  latitudes  15°  30'  and  16°  are  not  only  strongly  folded,  but  con- 
siderably faulted  and  fractured.  In  Alta  Verapaz,  the  Cretaceous  pla- 
teau drops  in  a  series  of  step  faults  down  to  the  plain  of  El  Peten. 

The  Upper  Tertiary  marls  and  sandstones  of  southern  Peten  and 
southeastern  British  Honduras  show  slight  disturbance.  The  Cretace- 
ous and  Tertiary  sediments  of  the  northern  part  of  El  Peten,  though 
likewise  relatively  flat  lying,  give  evidence  of  some  folding.  The  relative 
positions  of  the  Cretaceous  and  Tertiary  in  this  Department  appear  to 
indicate  a  series  of  broad,  gentle  folds  curved  in  broad  arcs  convex  to  the 
south.  The  existence  of  such  folds  is  reported  by  Sapper  and  is  evidenced 
in  his  geologic  profiles. 

There  is  accordingly  in  northern  Guatemala  and  certain  adjacent 
portions  of  British  Honduras  a  broad  zone  of  moderately  disturbed  Cre- 
taceous and  Tertiary  sediments.  Bituminous  beds  occur,  associated  with 
a  due  succession  of  porous  and  impervious  strata.  These  are  folded  into 
broad  anticlines  and  synclines  with  gentle  dips.  Faults  are  few  and  of 
slight  displacement.  No  intrusions  of  late  igneous  rocks  are  known  to 
occur.  On  the  basis  of  our  present  knowledge  of  Central  American 
geology,  this  appears  to  be  the  most  favorable  area  for  oil  prospecting  in 
Central  America. 

VOL.    LXVIII. — 04 


1010  PETROLEtJM   RESERVES    OF   CENTRAL   AMERICA 

The  American  field  to  which  the  Guatemala-British  Honduras  area 
presents  the  closest  resemblance  is  the  Cretaceous  and  Tertiary  belt  of 
central  Texas,  exclusive  of  the  Gulf  Coast  oil  fields.  This  comparison  is 
based  on  certain  analogies  of  stratigraphy  and  structure  and  on  the  geo- 
graphic relations  between  the  two  areas.  It  must  be  accepted  at  the 
start,  however,  that  the  resemblances  noted  are  by  no  means  absolute. 

The  oldest  stratified  rocks  of  northern  and  central  Guatemala  consist 
of  IVIississippian  and  Pennsylvanian,  against  which  Triassic  and  Cre- 
taceous sediments  are  faulted  down.  The  Tertiary  series  succeeds  in 
apparent  conformity.  In  central  Texas,  the  Pennsylvanian  sediments 
are  overlain  unconformably  on  the  east  by  Cretaceous,  succeeded  by 
Tertiar3^  In  Guatemala,  a  fault  separates  the  Lower  and  the  IMiddle 
Cretaceous;  in  central  Texas,  the  Balcones  fault  runs  through  the 
IMiddle  and  Lower  Cretaceous  formations.  In  both  areas  a  series  of  step- 
like faults  lead  to  the  more  or  less  gently  dipping  Tertiary  sediments.  In 
both  areas,  the  Cretaceous  and  Tertiary  sediments  are  affected  by  small 
folds,  which  diminish  in  intensity  toward  the  sea.  In  Texas,  the  folded 
Lower  Tertiary  gives  way  to  the  salt-dome  oil  fields  in  the  Upper  Tertiary 
of  the  Gulf  Coastal  Plain.  Oil  fields  occur  on  salt  domes  in  the  Upper 
Tertiary  beds  of  the  isthmian  zone  of  IVIexico  in  which  the  geologic  forma- 
tions of  Guatemala  are  continued  to  the  west. 

The  area  of  the  Department  of  El  Pet6n  is  about  13,200  sq.  mi.  To 
this  may  be  added  1000  sq.  mi.  for  parts  of  British  Honduras,  and  2300 
sq.  mi.  for  the  less  disturbed  parts  of  the  Departments  of  Huehuetenango, 
El  Quiche,  Alta  Verapaz,  and  Izabal. 

By  ratio  of  areas,  assuming  the  same  relative  oil  content  for  the 
Cretaceous  and  Tertiary  of  Guatemala  and  British  Honduras  as  for 
central  Texas,  we  may  estimate  the  unmined  petroleum  reserves  of 
the  Guatemala-British  Honduras  area  at  a  maximum  of  38,000,000 
bbl.  Certain  reservations  would  be  wise,  however.  The  Cretaceous 
of  Texas  has  been  demonstrated  to  be  productive,  notably  at  Corsi- 
cana,  Thrall,  and  at  Mexia;  the  Cretaceous  and  Tertiary  of  Guate- 
mala have  yet  to  be  proved.  The  geology  of  central  Texas  is  known  from 
numerous  reports  of  the  LT.  S.  Geological  Survey  and  of  the  State  Geologi- 
cal Survey  as  well  as  through  oil-company  records;  that  of  northern 
Guatemala  and  British  Honduras  is  known  almost  entirely  from  the 
explorations  of  a  single  geologist,  Dr.  Karl  Sapper.  Only  at  one  point 
is  the  thickness  of  the  Cretaceous  of  Guatemala  known;  the  thickness  of 
the  Tertiary  and  of  the  possible  oil-bearing  horizons  in  either  Cretaceous 
or  Tertiary  are  entirely  unknown.  The  continuity  of  the  possible  oil- 
bearing  horizons  is  by  no  means  established.  The  reported  oil  seepages 
may  be  derived  from  local  pools  of  limited  extent.  Moreover,  about 
one-third  of  this  area  is  faulted  to  a  marked  degree.  Accordingly,  the 
estimate  for  the  Guatemala-British  Honduras  area  mav  be  reduced  to 
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about  25,000,000  bbl.  This  again  is  purely  an  arithmetical  calculation 
by  ratio.  It  is  smaller  than  the  U.  S.  Geological  Survey  estimates  for  any 
region  of  the  United  States  except  the  Atlantic  and  eastern  Gulf 
Coastal  Plains. 

Honduras 

The  only  well-authenticated  seepages  in  Honduras  issue  from  the 
Metapdn  strata.  These  consist  chiefly  of  clays,  red  marls,  sandstones, 
and  conglomerates,  with  interbedded  limestones.  Fossils  found  in  these 
rocks  place  their  age  as  Lower  Cretaceous.  They  are  conformably  over- 
lain by  a  moderate  thickness  of  Middle  Cretaceous  limestones. 

Good  evidence  exists  for  assuming  the  petroliferous  character  of  the 
Metapd,n  strata.  Well-authenticated  seepages  occur  in  this  formation  in 
the  Guare  Mountains  of  the  Department  of  Cortes  and  gilsonite  exposures 
in  the  vicinity  of  Juticalpa. 

The  zones  of  Cretaceous  sediments  in  northern  and  central  Hon- 
duras are  narrow,  broken,  and  of  limited  extent.  The  close  folding, 
faulting,  and  igneous  intrusion  to  which  they  have  been  subjected  makes 
it  unlikely  that  oil  pools  of  any  considerable  extent  should  occur.  Anti- 
clinal structures  have  been  noted  in  only  a  few  places  on  the  geologic 
profiles  made  by  Sapper.  Oil  pools  of  limited  extent  may  indeed  occur 
on  fault-sealed  monoclines  or  in  shattered  zones;  but  sufficient  knowledge 
of  local  geology  is  not  available  to  predicate  any  estimate  on  this  basis. 
No  effort  will  be  made  to  estimate  the  oil  reserves  of  Honduras,  which 
from  all  the  evidence  presented  are  of  negligible  extent  in  compari- 
son with  the  unmined  reserves  in  any  one  of  the  minor  regions  of  the 
United  States. 

Costa  Rica  and  Panama 

The  Tertiary  sediments  of  Costa  Rica  and  Panama  belong  to  the 
Oligocene  and  Miocene.  Eocene  sediments  have  been  noted  in  only  cne 
restricted  area  of  the  Azuero  Peninsula  of  Panama.  Pliocene  formations 
are  restricted  chiefly  to  the  upraised  coral  reefs  which  occur  at  intervals 
along  the  coast.  The  Tertiary  of  Costa  Rica  and  Panama  consists  of 
shales,  many  of  which  are  carbonaceous,  interbedded  with  sandstones  and 
conglomerates,  with  a  few  limestone  beds.  Outside  of  the  Canal  Zone, 
the  correlation  of  the  various  members  is  not  sufficiently  definite  to 
permit  at  this  time  any  more  definite  subdivision.  The  petroliferous 
character  of  these  Tertiary  sediments  is  fairly  well  established.  Well- 
authenticated  oil  seepages  occur  in  the  basin  of  Sixaola  River  and  asphalt 
seepages  occur  along  Mosquito  GuK  in  Panama.  Other  seepages  are 
reported  to  occur  locally  along  the  Pacific  coast  of  both  Costa  Rica 
and  Panama. 

In  general,  the  zones  of  Tertiary  sediments  on  both  the  Caribbean 
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and  the  Pacific  coasts  of  Costa  Rica  and  Panama  are  relatively  narrow 
in  extent.  From  their  close  proximity  to  the  granite  ranges,  which 
apparently  underlie  the  late  igneous  flows  of  the  central  cordillera,  one 
may  postulate  the  close  folding  and  steep  dips,  which  have  been  ob- 
served in  the  Sixaola  basin  and  in  Bocas  del  Toro  Province,  Panama. 
Considerable  faulting  has  occurred  and  igneous  intrusions  have 
been  noted. 

Three  areas  of  the  coastal  Tertiary  of  Costa  Rica  and  Panama  may  be 
selected  for  discussion  as  the  most  favorable.  The  first  includes  the 
basin  of  Rio  Sixaola  in  the  so-called  Talamanca  district  of  southeastern 
Costa  Rica,  and  the  coastal  Tertiary  zone  of  the  adjacent  Province 
of  Bocas  del  Toro,  Panama.  The  second,  or  South  Darien  district, 
comprises  the  basins  of  the  rivers  which  empty  into  the  North  and 
South  Bays  of  the  Gulf  of  San  Miguel,  on  the  Pacific  coast  of  the 
Province  of  Panama.  The  third  lies  in  the  Azuero  Peninsula  in  the  Prov- 
inces of  Herrera,  Los  Santos,  and  Veraguas. 

The  Talamanca-Bocas  del  Toro  district  occupies  an  approximate  area 
of  3300  sq.  mi.  Oil  seeps  along  fault  lines  in  shattered  dark  shales  which 
form  the  lowest  member  of  the  Tertiary.  These  shales  are  overlain 
unconformably  by  interbedded  sandstones  and  shales,  and  these  in  turn 
unconformably  by  conglomerates. 

The  late  Miocene  thrusts  were  exerted  in  hnes  parallel  to  the  present 
mountain  trends  of  the  isthmus,  and  these  have  resulted  in  the  formation 
of  folds  striking  about  N  55°-60°  W  in  southeastern  Costa  Rica,  and  north- 
west-southeast in  Bocas  del  Toro  Province,  Panama.  The  districts 
nearest  to  the  central  cordillera  show  steeply  dipping  strata,  closely  folded, 
highly  shattered  and  faulted,  with  numerous  dikes  and  other  igneous 
intrusions.  The  intensity  of  the  folding  diminishes  toward  the 
Caribbean  coast. 

The  South  Darien  district  comprises  a  geosynclinal  basin  of  Tertiary 
sediments  in  the  Province  of  Panama  in  the  drainage  basins  of  Rio 
Tuyra  and  Rio  Savannah,  and  similar  Tertiary  basins  south  of  San  Miguel 
Bay  and  in  the  lower  basin  of  Rio  Chepo.  These  geosynchnes  are 
wrinkled  into  minor  folds  that  strike  parallel  to  the  trend  of  the  central 
cordillera.  The  formations  exposed  in  these  basins  are  Lower  Tertiary 
sandstones,  marls,  and  limestones.  Well-attested  seepages  occur  about 
San  Miguel  Gulf.  The  structure  shows  anticlinal  folds  that  trend 
generally  northwest  to  southeast.  In  spite  of  the  proximity  of  mountain 
ranges  of  late  eruptive  effusive  rocks,  no  intrusions  of  igneous  rocks  have 
been  noted.  The  area  of  the  South  Darien  district  may  be  roughly 
estimated  at  1200  square  miles. 

On  the  Azuero  Peninsula,  Lower  Tertiary  sediments  occupy  a  zone 
about  30  miles  in  width  and  approximately  1500  ?q.  mi.  in  area,  from 
cast  to  west  across  the  northern  half  of  the  peninsula  and  portions  of  the 
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adjacent  mainland.  These  consist  chiefly  of  sandstones,  shales,  clays, 
breccias,  and  conglomerates  with  intercalated  lignite  seams.  These 
sediments  are  folded  into  a  series  of  anticlines  and  synclines  that  strike 
about  N  85°  E.  Local  faults  may  occur.  Seepages  apparently  from 
these  formations  are  said  to  occur  around  Montijo  Bay. 

No  oil  field  of  the  United  States  offers  a  close  analogy  to  the  geologic 
conditions  of  the  Costa  Rica-Panama  area.  In  the  marked  unconformi- 
ties, close  folding,  and  considerable  faulting,  the  oil  fields  of  southern 
California  offer  a  resemblance.  Late  igneous  intrusions,  however,  play 
no  part  in  the  southern  California  oil  fields  as  in  the  coastal  areas  of 
Costa  Rica  and  Panama.  The  California  fields  probably  do  not  occur 
in  such  close  proximity  to  a  cordillera  of  late  igneous  rocks.  The  sedi- 
ments of  the  California  valleys  occupy  a  wider  area  and  are  more  con- 
tinuous than  those  of  the  coastal  plains  and  foot  hills  of  Costa  Rica  and 
Panama.  Accordingly,  no  satisfactory  basis  exists  for  an  estimate 
of  the  oil  reserves  of  the  Costa  Rica-Panama  area.  There  are,  in  all 
probability,  reserves  of  unmined  petroleum  in  this  territory.  But  on 
the  basis  of  the  known  geology  of  the  district,  it  is  fairly  safe  to  assume 
that  they  will  hardly  be  comparable  with  those  of  any  oil  districts  of  the 
United  States. 
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Colombian  Oil  Fields 

Br  L.  G.  Huntley  and  Shirley  Mason,  Pittsburgh,  Pa. 

(San  Francisco  Meeting,  September,  1922) 

The  Colombian  highlands  consist  of  three  parallel  mountain  ranges 
(Fig.  1)  called  respectively  the  eastern,  central,  and  western  cordillera  of 
the  Andes.  A  segment  of  the  range  that  forms  the  backbone  of  the 
Isthmus  of  Panama  also  extends  into  Colombia,  along  the  Pacific  coast, 
as  far  southward  as  the  mouth  of  the  San  Juan  River. 

These  four  mountain  ranges  furnish  the  key  to  the  varying  climatic 
conditions  and  vegetation  of  the  country.  The  river  vallej'S  are  hot  and 
covered  with  dense  tropical  growth.  This  is  also  generally  true  of  the 
coastal  plain,  although  in  the  northern  portion  there  are  some  fairly  open 
stretches  where  cattle  are  raised  and  even  small  districts  where  semi-arid 
conditions  prevail.  The  population  of  this  heavily  wooded  wet  lowland 
depends  almost  entirely  on  river  transportation  for  all  intercourse. 

The  elevated  mountainous  plateaus  of  the  three  ranges  are  more  open 
and  more  generally  cultivated;  all  traflSc  is  by  means  of  horses,  mules,  and 
the  burro.  The  canoe  and  river-steamer  transportation  systems  of  the 
valleys  are  connected  with  the  highland  system  of  trails  and  roads 
by  short  cross  trails  and  the  few  short  railroads  of  the  country.  As  these 
cross  trails  must  pass  through  the  intermediate  foot-hill  region,  where  the 
heavy  rainfall  reaches  its  maximum,  the}'  are  exceedingly  bad  and  the 
life  of  pack  animals  is  short.  The  oil  development  of  the  IMagdalena 
River  valley  is  in  this  intermediate  region,  between  the  river  and  the 
sierras,  north  of  Bogota. 

Geology 

Stratigraphy 

The  predominant  sedimentary  formations  in  Colombia  are  those  of 
Tertiary  age.  They  form  the  floor  of  the  IMagdalena  River  valley  and 
the  coastal  plain  that  borders  the  Caribbean  Sea:  this  is  also  true  of 
the    southern   part   of  the   narrow   coastal  belt  of  the  Pacific  coast. 
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They  are    usually   of    great  thickness,   as   shown   in   their  exposures 
along  the  flanks  of  the  eastern  cordillera,  and  along  the  folds  of  the  more 


Fio.  1.— Area  geology  of  Colombia.    Heavy  dash  lines  indicate  direction 

OP  folds  and  faults. 


recent  coastal  uplift  from  Barranquilla  to  the  Gulf  of  Uraba.  These  are 
the  two  regions  of  greatest  promise  for  oil  production  in  the  next 
generation. 
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The  lower  portion  of  these  Tertiary  sediments  is 
of  the  greatest  value  as  a  source  of  oil;  this  is 
usually  called  the  coal  series  and  includes  numerous 
beds  of  coal,  which  sometimes  are  30  ft.  thick. 
This  is  probably  the  equivalent  of  the  Pavji  series 
of  the  Lake  Maracaibo  district.  The  coal  in  this 
series  seems  to  thin  out  rapidly  and  disappear  to 
the  westward,  as  does  the  coal  in  the  Pavjf  series 
in  crossing  Lake  Maracaibo  to  the  eastward. 
Only  a  few  thin  streaks  of  coal  are  found  west 
of  the  Magdalena  River. 

This  coal  series  contains  petroliferous  shales  and 
slates,  and  at  the  outcrop  presents  a  number  of  oil- 
saturated  sands.  It  is  underlain  by  black  slates 
and  limestones  of  Cretaceous  age  (Fig.  3),  which 
are  also  petroliferous  at  the  outcrop.  The  lower 
portion  of  this  latter  series  has  marine  fossils,  which 
may  be  of  Jurassic  age.  The  lower  Tertiary  coal 
series  and  the  underlying  Cretaceous  represent  the 
probable  source  of  all  the  oil  that  will  be  found  in 
the  Magdalena  valley.  All  of  the  seepages  found 
in  this  region  are  exudations  from  these  sediments 
or  from  those  closely  in  contact  with  them. 

The  smaller  seepages  in  the  coastal  region,  in 
some  instances,  come  from  upper  Tertiary  forma- 
tions, which  in  themselves  present  no  further 
evidence  of  containing  material  from  which  these 
seepages  might  have  been  derived.  It  is  probable 
that  here  also  the  origin  of  the  oil  has  been  from 
underlying  formations  of  the  same  age  as  those  of 
the  eastern  cordillera  and  the  Maracaibo  basin. 
Along  the  coastal  upUft,  these  oil  shales  and  sands 
usually  lie  at  considerably  greater  depths  than  they 
have  been  found  on  the  folds  in  the  Magdalena 
valley.  The  overlying  sediments  in  the  coastal 
region  are  of  such  thickness  that  it  is  not  likely  that 
the  underlying  oil  sands  can  be  encountered  by  the 
drill  except  on  a  few  of  the  highest  folds,  where 
erosion  has  removed  the  upper  beds.  No  past 
drilling  has  furnished  conclusive  evidence  of  the 
presence  or  absence  of  oil  in  this  coastal  uplift,  as 
all  wells  have  "been  "^either  badly  located,  from  a 
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structural  standpoint,  or  were  not  carried  to  a  sufficient  depth  to  test  their 
respective  locahties. 

The  Tertiary  formations  of  the  west  coast  are  not  favorable  for  oil, 
being  largely  composed  of  sandy  clays  and  clay  shales,  with  little  or  no 
organic  matter.  No  seepages  are  known  or  could  be  found  west  of  the 
central  cordillera  and  south  of  the  Atrato  River.  Paleozoic  rocks  are 
encountered  on  the  Pacific  slope  of  the  western  cordillera,  and  also  on  the 


Pleistocene 
or  latest 
Tertiary 


Terfi 


ar^ 


Cretaceous 


Jurass/cf?) 


^ 


gg 


Magdalena  formation.  Red  and  yellow  sands  and  coarse  con- 
glomerates, probably  of  lacustrine  origin.  Unconsolidated.  0-1000 
ft.  thick. 


Oponcito  formation.  Soft  sandstones  and  clay  shales.  Reddish 
and  bright-colored  grading  into  gray  sands  at  the  bottom.  8000  ft. 
thick  or  more. 


Fossils  infrequent. 

Oil  production  from  near  bottom. 


La    Paz  sandstone  series.     Massive  hard  quartzitic  sandstones. 
Cliff  forming.     1000  ft.  thick. 

Umir  coal  series.     Gray  shales  and  coals,  thinning  to  the  west. 
Interbedded  sandstone.     2000  ft.  thick.     Oil  seeps  from  outcrop. 


Churcurri  slates  and  shales.     Carbonaceous  and  oily  at  the  out- 
crop.    1000  ft.  thick. 


Palmira  limestone.  Cherty  limestone,  weathering  white  in  cliffs. 
Carbonaceous  at  times  on  fresh  outcrop.  Fossiliferous.  Many 
large  ammonites.     500  ft.  plus. 


Fossiliferous  black  slate  and  limestone. 
Petroliferous  at  the  outcrop. 


Fig.  3. 


-Generalized  stratigr.\phic  section  in  eastern    Magdalena  valley 

BETWEEN    CaRARE    AND    SoGAMOSA  RIVERS. 


west    side  of  the  Magdalena  valley.     They  consist  largely  of  altered 
slates  and  are  of  no  importance  from  an  oil  standpoint. 

Structure 


Each  of  the  three  main  ranges  of  the  Andes  represents  a  geanticlinal 
uplift,  of  which  the  backbone  is  composed  of  granites  and  other  igneous 
rocks,  and  altered  igneous  and  metamorphic  sedimentaries.     The  latest 
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Tertiary  formations  show  little  folding  at  their  contact  with  these  great 
folds.  A  number  of  late  cross  stresses  have  set  up  other  folds  in  a  direc- 
tion roughly  parallel  to  the  present  northern  coast  line.  The  last  of  these 
is  still  in  process  of  adjustment,  and  is  marked  by  a  series  of  mud  vol- 
canoes and  seepages  along  the  coast.  Coral  Hmestone  reefs  of  recent 
origin  are  found  along  the  strike  of  this  fold,  in  places  several  hundred 
feet  above  the  present  sea  level. 


Pleistocene  or  recent  gravel  and  conglomerate  near  the  mountains 
and  estuarine  and  delta  deposits  along  the  coast. 


Yellowish,  brownish,  bluish  sandstone  and  shale,  thin  beds  of  con- 
glomerate. Some  few  beds  of  pure  sandstone.  Some  beds  of  sandy 
shale  contain  fossils.  20,000  ft.  exposed  on  Guapi  River.  9000  ft. 
exposed  on  Cajambre  River. 


Felsitic  lavas,  light  colored,  often  vesicular,  extruded  about  the  end 
of  Cretaceous  time.  4000  ft.  exposed  at  Pasto.  1000  ft.  exposed  at 
Ardita. 


Highly  contorted,  faulted,  metamorphosed  calcareous  shale  and 
shaly  sandstone  probably  belonging  to  this  age.  Seen  at  Arusi  and 
Chari.     Not  over  500  ft.  exposed. 


Basalt  and  gabbro  occurring  in  mountains  ■svith  ancient  meta- 
morphic  rock  and  forming  coast  from  Chari  north  to  Panama.  Shot 
with  veins  of  white  quartz  broken  and  twisted.  2000  ft.  exposed  in 
Dagua  Gorge.  6000  ft.  from  outcrop  in  Guapi  River  to  top  of  moun- 
tains.    3000  ft.  from  outcrop  at  shore  to  top  of  mountains. 


Slates,  highly  metamorphosed  black  shale,  chiastellite,  schist, 
pyritic  slates  and  some  gneiss,  containing  small  bodies  of  granite  in 
the  form  of  intrusions.  4000  to  5000  ft.  exposed  on  Juanambu 
River.     3000  ft.  exposed  on  Dagua  River. 


Fig.  4. — Generalized   stkatigraphic   section  in  southwestern  CoLO^rBIA  and 
ALONG  Pacific  coastal  slope,  after  Bossler. 


The  folds  flanking  the  eastern  cordillera  on  the  west  may  be  considered 
promising,  also  the  cross  folds  mentioned,  when  not  too  badly  faulted. 
Such  folds  cross  the  Magdalena  River  southward  from  Puerto  Berrio,  in 
the  vicinity  of  Mompos  and  Banco  and  also  along  the  coastal  zone 
mentioned  previously-. 

It  must  be  remembered  that  while  some  of  these  folds  are  very 
steep,  and  often  faulted  and  difficult  to  map  accuratelj^  in  many  ways  they 
seem  to  offer  parallel  conditions  to  those  of  the  California  fields.  The 
authors  believe  that  with  a  stratigraphic  column  at  least  3000  ft.  thick 
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composed  of  oil  shales  and  sands,  such  as  is  found  along  the  eastern  side 
of  the  Magdalena  valley,  a  number  of  areas  of  great  productivity  will  be 
found.  With  such  a  great  thickness  of  rich  sediments,  experienxje  and 
common  sense  indicate  that  not  nearly  the  same  extent  of  lateral 
gathering  ground  is  necessary  to  produce  commercial  accumulations  on 
folds,  as  when  the  source  beds  are  thin.  Steepness  of  dip  and  faulting 
have  been  no  handicap  in  California,  the  oil-bearing  formations  of  which 
are  of  the  same  age  as  those  of  Colombia.  The  geology  in  Colombia  will 
be  much  harder  to  map  because  of  the  heavy  mantle  of  vegetation. 

Land  Laws 

Four  classes  of  lands,  in  Colombia,  carry  oil  rights  under  different 
conditions,  as  follows:^ 

1.  Private  properties  and  government  sales  of  public  lands,  the  titles 
of  which  were  issued  previous  to  Oct.  28,  1873. 

2.  Lands  sold  as  uncultivated  government  lands  after  Oct.  28,  1873. 

3.  Lands  on  which  titles  to  "oil  mines"  were  issued  by  the  govern- 
ment in  1912  and  1913,  up  to  April  1. 

4.  Oil  claims  acquired  under  the  present  law,  passed  on  Dec.  30,  1919. 
The  taxes  and  conditions  imposed  by  the  present  law  on  lands  under 

all  groups  except  the  third  are  so  onerous  as  to  make  operations  unprof- 
itable at  present.  A  realization  of  this  will  no  doubt  cause  the  law  to  be 
modified,  either  by  decree  or  application,  so  as  to  encourage  development; 
otherwise  the  high  cost  of  production  under  the  physical  conditions 
existing  in  tropical  countries  plus  the  high  royalties  and  taxation  will 
retard  oil  development  in  Colombia.  The  terms  of  the  present  law 
were  the  result  of  a  more  or  less  superficial  study  of  the  iMexican  field, 
without  realizing  that  under  the  different  geological  conditions  existing 
in  Colombia,  a  duplication  of  the  phenomenally  large  wells  of  ^Mexico  was 
not  to  be  expected.  With  smaller  w^ells,  or  wells  of  sharp  decline  curve, 
high  roj'^alties  and  taxation  merely  penalize  all  development,  without 
helping  any  one.  In  the  third  group  are  several  concessions  the  terms 
of  which  were  less  difficult,  and  in  one  case  at  least  not  impossible 
of  fulfillment. 

For  administration  purposes,  and  also  for  the  levying  of  a  develop- 
ment tax,  the  law  divides  the  republic  into  three  zones,  as  follows 
(Fig.  5): 

Zone  1,  lands  lying  at  a  distance  of  200  km.  or  less  from  the  sea  coast. 

Zone  2,  lands  lying  200  to  400  km.  from  the  sea  coast. 

Zone  3,  lands  lying  more  than  400  km.  from  the  sea  coast. 

1  Johnson,  Huntley,  and  Somers:  "The  Busmess  of  Oil  Production."  New  York, 
1922.     John  Wiley  &  Sons. 
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Taxes  within  these  various  zones  vary  from  G  to  10  per  cent,  on  gross 
production.  The  law  makes  exceptions  for  a  region  bordering  the  Gulf 
Uraba  (Zone  A),  which  for  the  time  being  is  eliminated  from  develop- 
ment, and  also  a  strip  20  km.  wide  along  the  west  coast  (Zone  B),  which 
is  of  no  interest  for  oil  whatever. 


EC  Ua dor 


Fig.  5. — Petroleum  zones  in  Colombia. 

Future  Development 

The  hope  of  success  in  prospecting  for  oil  in  Colombia  will  be  restricted 
to  four  general  regions,  which  may  be  listed  as  follows,  in  their  order 
of  promise: 

1.  Magdalena  valley,  particularly  the  eastern  side. 

2.  Northern  coastal  plain,  from  Barranquilla  to  the  Gulf  of  Uraba. 

3.  Headwaters  of  the  Catatumbo  and  Rio  Oro  on  the  Venezuelan 
border,  on  the  eastern  flank  of  the  eastern  cordillera  of  the  Andes. 

4.  Territory  drained  by  the  headwaters  of  the  Meta  and  Caqueta, 
on  the  eastern  flank  of  the  Andes. 

Magdalena  Valley 

The  Magdalena  valley  north  of  Honda,  and  particularly  the  part 
drained  by  its  eastern  tributaries,  presents  the  following  favorable 
conditions  for  oil  development: 
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1 .  Commercial  production  of  a  high-grade  oil  already  developed  on  the 
Colorado  River  by  the  Tropical  Oil  Co. 

2.  Large  active  seepages  in  greater  number  and  extent  than  in  any 
other  region  in  Colombia. 

3.  A  greater  thickness  of  source  beds  exposed  in  the  mountain  out- 
crops (3000  ft.  or  more) . 

4.  Good  structural  folding  in  places. 

5.  Navigable  river  transportation  to  the  coast,  as  well  as  a  feasible 
low-grade  pipe-line  route  to  deep  water. 

Northern  Coastal  Plain 

Seepages  are  small  and  less  frequent  in  this  northern  region  than  in 
the  Magdalena  valley,  and  the  probable  source  beds  are  not  exposed. 
Drilling  will,  therefore,  be  deeper  and  exploration  carried  on  with  less 
certainty  as  to  depth  and  results.  The  fact  that  both  good  folding  and 
seepages  exist  over  wide  areas  make  this  region  promising. 

Of  all  geologically  favorable  regions  in  Colombia,  this  northern 
coastal  plain  is  the  only  one  that  has  the  advantage  of  being  near  good 
sea  harbors,  and  close  to  the  Panama  Canal.  Greater  chances  can  be 
taken,  and  more  money  can  be  spent  legitimately  in  such  a  coastal  region 
than  would  be  justified  elsewhere.  None  of  the  drilling  up  to  the  present 
time  has  furnished  any  conclusive  evidence  as  to  the  existence  of 
commercial  oil  deposits.  ^ 

Atlantic  Slope  of  the  Andes 

The  eastern  flank  of  the  eastern  cordillera  contains  several  known 
areas  of  seepages  similar  to  those  of  the  IVIagdalena  valley.  So  far  as 
this  region  has  been  examined,  it  shows  equally  as  good  promise  for  oil 
from  the  standpoint  of  Tertiary  stratigraphy  and  structures  as  the  latter. 
However,  development  of  the  former  region  will  be  postponed  for  the 
following  reasons: 

1.  All  known  promising  structures  are  from  100  to  500  mi.  from  the 
nearest  navigable  water,  which  is  still  from  1000  to  3000  mi,  from  the  sea- 
coast,  and  still  farther  from  a  market;  or,  the  price  of  oil  for  some  time 
will  not  justify  the  cost  of  pumping  oil  over  a  5000-ft.  mountain  divide, 
to  a  point  that  is  several  hundred  miles  inland,  and  still  farther  from 
the  nearest  market  in  Panama. 

2.  Portions  of  this  eastern  slope  are  in  territory  disputed  by 
several  governments. 

3.  High  costs  of  operations. 

*  Chester  W.  Washburne  and  K.  D.  White:  Oil  Possibilities  of  Colombia.  See 
page  1023. 
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Maracaibo  Basin 

That  part  of  the  Maracaibo  basin  that  lies  along  the  Venezuelan 
border  has  a  limited  amount  of  territory  in  which  are  found  both  good 
structure  and  good  source  beds,  with  oil  indicated  both  by  seepages  and 
actual  wells,  although  the  latter  are  of  relatively  small  size .  The  diffi- 
culties of  transportation  to  markets  are  of  the  same  character  as  those  of 
the  Atlantic  slope,  although  less  in  degree.  With  the  main  range  of 
the  Andes  to  the  west  and  an  international  boundary  on  the  east,  the 
matter  of  producing  oil  and  marketing  it  successfully  is  still  to  be  solved. 

The  Pacific  Coast 

This  region  offers  no  oil  possibilities  for  reasons  given  previously, 
and  the  southern  Andean  plateau,  including  most  of  the  Cauca  and  Patia 
valleys,  is  composed  of  igneous  and  metamorphic  rocks,  with  some  thin 
barren  inliers  of  sedimentaries.  Hence  this  entire  region  can  be 
disregarded. 

The  entire  question  for  the  immediate  future  resolves  itself  in  the  oil 
possibilities  of  the  lower  Magdalena  valley  and  the  northern  coastal 
plain.  The  writers  believe  that  there  is  in  these  two  districts  a  large  oil 
reservoir  which  can  be  exploited  profitably,  although  this  can  probably 
be  done  to  best  advantage  by  adapting  California  methods  rather  than 
those  of  the  Mid-Continent  fields.  The  proximity  of  the  Panama  Canal 
makes  northern  Colombia  a  strategic  point  of  oil  production. 
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Oil  Possibilities  of  Colombia 

By  Chester  W,  Washburne  and  K.  D.  White,  New  York,  N.  Y. 

(New  York  Meeting,  February,  1922) 

Colombia  has  an  almost  ideal  situation  with  respect  to  the  world's 
markets,  being  only  a  short  distance  from  the  Panama  Canal  and  the 
West  Indies.  The  sailing  distance  from  its  Caribbean  ports  to  New 
York  is  less  than  that  from  Tampico. 

Geographically,  Colombia  consists  of  three  systems  of  broad  mountain 
ranges  separated  by  two  long  narrow  valleys.  The  Cauca  River  valley 
separates  the  Western  or  Coastal  range  from  the  Central  range.  On 
the  west  side  of  the  Coastal  range  are  the  Atrato  and  San  Juan  Rivers. 
The  Central  and  Eastern  ranges  are  separated  by  the  Magdalena  River 
valley.  In  the  department  of  Santander  the  Eastern  range  divides, 
one  branch  continuing  northward  as  the  Cordillera  of  Perija,  the  other 
turning  eastward  across  Venezuela  as  the  Cordillera  of  Merida.  Between 
these  ranges  is  the  great  basin  occupied  by  Lake  Maracaibo. 

These  vallej^s  consist  mainly  of  long  narrow  reentrants  or  tongues  of 
Tertiary  sediments  between  the  older  rocks  of  the  mountain  ranges. 
The  late  Miocene  and  younger  sediments  seem  to  have  been  deposited 
in  separated  basins,  but  the  Cretaceous  and  possibly  some  earlier  Tertiary 
strata  were  laid  down  more  or  less  continuously  over  a  great  part  of 
Colombia  and  Venezuela.  These  strata  were  subsequently  folded  into 
the  present  ranges.  The  deposition  of  the  Cretaceous  and  of  some  of  the 
Tertiary  was  in  a  great  sea,  the  main  land  mass  being  in  Brazil,  with 
land  probably  along  some  of  the  cores  of  the  present  mountain  systems. 
The  sediments,  except  the  Lower  Cretaceous,  vary  markedly  in  character 
and  thickness.  An  illustration  is  seen  in  the  massive  series  of  non-marine 
conglomerates  and  sandstones  of  the  upper  Magdalena  River  valley, 
near  Honda,  which  are  almost  wholly  wanting  in  the  coastal  sections 
where  marine  sediments  prevail. 

The  oldest  rocks  bearing  on  the  search  for  oil  are  the  black  carbonace- 
ous and  bituminous  shales,  limestones,  and  cherts  of  the  upper  part  of  the 
Lower  Cretaceous.  These  probably  are  the  main  source  of  oil  in  both 
Colombia  and  Venezuela.  They  include  thick  bodies  of  true  "oil  shale." 
Above  the  carbonaceous  and  bituminous  beds,  lies  a  series  of  many 
thousand  feet  of  clastic  sediments.  The  most  noticeable  and  easily 
recognizable  formation  among  these  clastic  sediments  is  the  "coal- 
bearing  series,"  which  may  be  either  upper  Cretaceous  or  Eocene.     The 
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Fig.   1. 
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horizons  that  have  been  proved  to  be  petroleum  producers  in  Colombia 
occur  in  this  series  and  in  the  next  overlying  formation. 

The  several  stratigraphic  sections  available  for  Colombia  are  platted 
in  Fig.  2,  with  tentative  correlation  lines  drawn  between  formations 
which  are  thought  to  be  nearly  contemporaneous.  Special  thanks  are 
due  A.  Faison  Dixon  for  his  aid  in  the  correlations. 

For  comparison,  Colombia  may  be  roughly  subdivided  into  the 
following  areas  or  districts: 

1.  The  Santa  Marta  area  and  the  Goajira  peninsula. 

2.  The  Sinu  River  valley. 

3.  The  Cartegena-Barranquilla  coastal  region. 

4.  The  lower  Magdalena  River  valley. 

5.  The  upper  Magdalena  River  valley. 

6.  The  Amazon  River  drainage,  including  the  Meta  River  basin. 

7.  The  Colombian- Venezuelan  boundary  region. 

8.  The  Pacific  coastal  plain. 

9.  The  Atrato  River  valley. 

Sinu  River  Valley 

The  sediments  of  this  valley  are  of  Miocene  and  Pliocene  age,  in  large 
part  marine.  They  have  been  sharply  folded  and  in  some  localities 
have  been  faulted.  Sharp  anticlines  with  hmbs  dipping  45°  or  more 
near  the  crest  are  the  rule. 

Elfred  Beck^  describes  several  structures  which  he  located  east  and 
north  of  the  Sinu  River,  the  most  important  being  the  Sincelejo  anticline, 
which  he  traced  for  more  than  50  mi.  (80  km.)  a  little  east  of  north.  The 
eastern  flank  of  the  antichne  dips  from  5°  to  30°  while  the  western  limb 
dips  at  45°.  In  Beck's  cross-section  the  folding  becomes  sharper 
westward  and  considerable  faulting  is  shown. 

West  of  the  Sinu  River,  between  Monteria  and  the  sea,  three  anticlines 
have  been  recognized  and  each  traced  about  10  mi.  (16  km.).  The  two 
more  eastern  folds  are  separated  by  a  syncline  about  10  mi.  wide  between 
anticlinal  axes.  The  anticlines  are  closely  folded,  the  limbs  towards  the 
synclines  having  an  average  dip  of  about  45°  for  a  mile  from  their  crests. 
The  other  limbs  are  nearly  vertical.  The  petroleum  evidences  on  both 
anticlines  are  similar;  large  mud  volcanoes  and  seepages  of  dark  green 
oils  come  from  their  steeply  dipping  crests.  The  anticlines,  the  crests  of 
which  are  in  Miocene  rocks,  expose  7000  or  8000  ft.  (2134  to  2438  m.)  of 
strata.  The  third  anticline  is  situated  on  the  sea  coast,  probably  in 
Pliocene  rocks.     It  also  shows  oil  seepages. 

The  petroleum  evidence  of  this  district  consists  of  seepages  of  heavy 

*  Elfred  Beck:  Geology  and  Oil  Resources  of  Colombia.  Economic  Geology 
(Nov.,  1919). 
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tarry  oils,  dark  green  oils,  gas  springs,  and  mud  volcanoes.  The  authors 
believe  that  mud  volcanoes  have  httle  significance.  Practically  all  oil 
and  gas  seepages  are  located  either  in  the  fractured  core  of  closely  folded 
anticlines  or  along  fault  planes. 

Four  wells  have  been  drilled  in  the  Sinu  River  valley  and  another  is 
now  being  drilled  by  the  South  American  Gulf  Oil  Co.,  at  San  Andres. 
The  first  well  was  drilled  by  a  Dutch  company  in  1910  to  1912,  near  San 
Sebastian,  east  of  the  Sinu  River.  It  reached  a  depth  of  about  400  ft. 
(122  m.)  and  encountered  a  dark  green  oil  of  about  36°  Be.  gravity.  It 
was  reported  to  have  been  a  50-bbl.  well.  In  1915  it  was  badly  mudded 
and  would  pump  only  a  few  barrels.  The  Gulf  Oil  Company's  well  is 
said  to  be  located  on  good  structure. 

In  1915  and  1916  The  Standard  Oil  Co.  of  New  York,  drilled  three 
wells  to  depths  of  about  2000  ft.  (610  m.)  The  wells  were  located, 
respectively,  4  mi.  (6.4  km.)  east,  8  mi.  northeast,  and  12  mi.  northwest 
of  Lorica.  These  wells  are  all  reported  to  have  struck  small  shows  of  oil 
and  gas,  but  nothing  has  been  definitely  proved  by  them.  All  except  the 
shallow  well  were  drilled  quite  far  down  the  flank  of  the  structures  on 
which  they  were  located. 

The  entire  region  contains  thick  deposits  of  Tertiary  sandstone  and 
shale  which  are  closely  folded  and  much  faulted.  Any  structure  in  this 
district  deserves  testing  where  the  equivalent  of  the  "  coal-bearing " 
series  of  the  Magdalena  River  valley,  or  strata  close  above  it,  may  be 
reached  by  the  drill,  where  the  rocks  are  not  too  badly  shattered,  and 
where  the  drainage  area  is  not  too  limited.  With  the  thick  shale  section 
of  the  later  Tertiary  and  with  the  presence  of  numerous  petroleum  seepages, 
well-developed  folds  in  the  Miocene  and  Pliocene  rocks  are  also  worthy 
of  test,  but  it  should  be  recognized  that  no  oil  horizons  have  been  proved 
in  these  strata  and  that  drilling  to  upper  Tertiary  horizons  is  much  more 
speculative  than  drilling  to  lower  Tertiary  and  Upper  Cretaceous  horizons. 

Cartegena-Barranquilla  Coastal  Region 

This  area  roughly  embraces  the  region  between  the  Caribbean  sea 
coast,  the  Magdalena  River,  and  the  Cartegena-Calmar  railroad.  In 
this  territory  about  as  many  wells  have  been  drilled  as  in  all  the  rest  of 
Colombia. 

About  6  mi.  (10  km.)  southwest  of  Puerto  Colombia,  at  the  village  of 
Perdices,  seven  wells  had  been  drilled  up  to  the  beginning  of  1918,  all 
within  1000  ft.  (305  m.)  of  each  other.  An  eighth  well  is  located  some  3 
mi.  east  of  this  locaUty.  According  to  Alfred  Beck,  the  drilling  was 
commenced  by  a  Canadian  company  in  1907,  and  was  continued  in  1912 
or  1913  by  the  Kelly  Oil  Co. 

Of  these  eight  wells,  the  deepest.  No.  6,  Perdices,  was  drilled  to 
3030  ft.  (923  m.).     This  well  encountered  showings  of  oil  and  gas  at 
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various  horizons,  and  at  2443  to  2446  ft.  (745  m.)  in  a  sandstone,  3,000,000 
cu.  ft.  (85,000  cu.  m.)  of  gas  was  reported.  Well  No.  1,  Perdices,  had  the 
best  showing;  salt  water  and  oil,  with  a  gravity  of  32°  B6.,  were  reported 
at  135  ft.  (41m.),  while  in  a  broken  sand  and  shale  formation  at  745- 
754  ft.  (230  m.),  oil  of  43.4°  Be.,  which  flowed  naturally  and  on  the  pump 
made  140  bbl.  in  7  hr.,  was  reported.  In  1917  the  well  was  badly  mudded 
but  pumped  about  }/2  bbl.  a  day.  The  other  wells,  which  were  drilled  to 
depths  of  1600  ft.  (488  m.)  or  less,  encountered  shows  of  oil  and  gas. 

The  Three  Seas  Oil  Co,  is  now  drilling  a  deep  test  in  the  Perdices 
region  at  no  great  distance  from  the  other  wells.  Beck  states  that  the 
driUing  has  been  on  a  steep,  narrow,  poorly  defined  fold. 

At  Turbaco,  a  station  on  the  Cartagena-Calmar  railroad,  the  Martinez 
Oil  Co.  drilled  five  wells,  beginning  in  1908.  The  first  four  wells  were 
drilled  with  a  Keystone  machine  to  a  depth  less  than  500  ft.  (152  m.). 
They  were  all  located  close  together  in  the  immediate  vicinity  of  numerous 
and  active  mud  volcanoes,  which  had  been  given  prominence  by  their 
description  by  Von  Humboldt.  In  1912,  another  well  was  drilled  about 
a  mile  south  of  the  mud  volcanoes,  by  the  Martinez  Oil  Co.,  with  a  stand- 
ard rig.  It  went  to  a  depth  of  about  2200  ft.  (671  m.),  its  log  showing 
remarkable  uniformity  in  rock  strata.  This  is  readily  explained  by  an 
excavation  500  ft.  east  of  the  location,  where  strata  striking  N.  40°  dip 
westward  from  75°  to  vertical. 

The  surface  evidences  of  petroleum  in  this  district  are  large,  active 
mud  volcanoes,  gas  springs,  and  seepages  of  dark  green  oil.  Unfortu- 
nately, none  of  the  driUing  seems  to  have  been  on  large,  well-formed 
structures.  The  drilling  on  suitable  structures  in  this  region  seems  to  be 
amply  justified. 

Lower  Magdalena  River  Valley 

This  is  one  of  the  two  areas  that  have  been  proved  to  contain  com- 
mercial oil  deposits.  The  field  is  about  300  mi.  (483  km.)  from  the  mouth 
of  the  Magdelena  River,  and  20  to  25  miles  eastward,  up  the  Colorado 
River.  The  discovery  well  was  drilled  in  April,  1918,  by  the  Tropical 
Oil  Co.,  after  abandoning  the  first  two  wells,  at  about  600  ft.,  owing  to 
great  difficulty  with  caving.  Of  the  three  producing  wells.  No.  1,  drilled 
2300  ft.  (700  m.)  was  good  for  3500  bbl.;  No.  2,  drilled  700  ft.  (213  m.), 
700  bbl.;  No.  3,  drilled  1500  ft.  (457  m.),  1500  bbl.  The  gravity  of  the 
oil  was  between  42°  and  45°  Be.  The  company  was  purchased  in  1920 
by  the  Standard  Oil  Co.  of  New  Jersey,  which  has  built  a  railroad  from 
Barranca  Bermejo  to  the  field  and  has  shipped  in  large  suppUes  of  pipe, 
casing,  tools,  etc.,  preparatory  to  extensive  developments. 

North  of  the  Tropical  Oil  Company's  property,  on  the  Lebrija  River, 
the  Colombian  Syndicate  has  drilled  several  wells,  all  of  which  had  oil 
showings,  though  none  produced  appreciable  amounts. 
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At  Zanibrano,  which  is  about  100  miles  (160  km.)  from  the  mouth 
of  the  Magdalena  River,  two  wells  have  been  drilled,  one  by  the  Shell 
interests,  the  other  by  the  Transcontinental  Oil  Co.  The  Transconti- 
nental well,  at  between  700  and  800  ft.  (213-244  m.),  struck  a  big  flow 
of  salt  water  in  a  sand  150  ft.  (45  m.)  thick.  The  well  is  located  on  the 
plunging  end  of  an  anticline. 

The  Standard  Oil  Co.  of  Cahfornia  is  drilhng  two  wells,  about 
8  mi.  (12.8  km.)  apart,  near  El  Carmen  and  San  Jacinto,  about  60  km. 
southeast  of  Cartagena,  on  the  large  concession  of  the  Latin-American 
Petroleum  Corpn.  The  San  Jacinto  well  had  a  good  show  of  oil  and  gas 
at  756  ft.  (230  m.).     The  wells  are  in  good  structure. 

In  this  region  there  are  large  deposits  of  asphalt  or  brea,  active 
seepages  of  dark  green  oil,  gas  springs,  and  veins  of  devolatilized  asphaltum 
varying  from  gilsonite  to  grahamite.  Here  the  large  deposits  of  asphalt 
and  hydrocarbon  veins  are  restricted  to  the  east  side  of  the  valley. 

In  crossing  the  Lebrija  River  region  eastward  from  the  Magdalena 
River,  the  first  encountered  rocks  dip  west;  on  the  west  side  of  the 
Magdalena  River  the  rocks  dip  eastward.  The  syncline  is  coincident  with 
the  Magdalena  Valley  as  far  as  El  Banco,  from  which  place  it  narrows  and 
continues  with  more  complicated  structure  up  the  valley  of  the 
Rio  Cesar. 

Since  the  occurrence  of  oil  in  commercial  quantity  is  now  proved, 
one  should  test  any  structure  that  is  not  too  contorted,  under  which  the 
drill  can  reach  the  coal-bearing  series  or  strata  just  above  it. 

Upper  Magdalena  River  Valley 

This  refers  to  the  region  above  La  Dorada,  the  head  of  navigation  of 
the  lower  Magdalena.  It  includes  the  Honda  district,  where  recently 
there  has  been  considerable  leasing  and  some  drilling. 

The  region  has  numerous  small  anticlines.  Its  major  structure  is  a 
series  of  great  north-south  block-faults,  the  throw  of  some  of  these  being 
many  thousands  of  feet.  There  are  two  main  lines  of  seepages.  One  is 
along  the  east  side  of  the  Magdalena  valley,  or  the  west  foot  of  the  second 
range  of  the  Eastern  Andes,  locally  called  the  Cordillera  de  Sargento; 
the  other  follows  the  west  side  of  the  valley,  or  the  east  foot  of  the  Central 
Andes.  Most  of  the  seepages  below  Guataqui  consist  of  heavy  asphaltic 
oil  or  brea,  while  most  of  those  above  Guataqui  consist  of  dark  green  oil, 
but  exceptions  occur. 

An  overlap  of  Tertiary  strata  conceals  the  structure  in  the  older 
sedimentary  rocks  in  many  places  along  the  east  base  of  the  Central 
Andes.  There  are  exceptions  to  this,  as  at  Chaparral,  where  there  is 
an  anticline  with  a  large  deposit  of  brea.  The  seepages  of  the  Eastern 
Andes  occur  either  on  small  folds  or  along  fault  planes.     They  are  located 
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cither  near  the  top  of  the  Lower  Cretaceous  black  shales  and  limestones  or 
in  beds  a  few  hundred  feet  higher. 

Three  wells  have  been  drilled.  In  1918  the  Carib  Syndicate  drilled 
a  700-ft.  (213  m.)  hole  about  3  mi.  (4.8  km.)  southwest  of  the  San  Felipe 
railroad  station.  A  little  tarry  oil  was  found  in  the  bottom  of  the  hole, 
which  stopped  in  schist. 

In  1921  the  Transcontinental  Oil  Co.  drilled  a  well  about  15  mi. 
(24  km.)  southeast  of  Honda,  to  a  depth  reported  at  3300  ft.  (1005  m.) 
stopping  in  black  limestone.  From  800  to  2000  ft.  (244-610  m.),  several 
shows  of  oil  and  gas  were  encountered.  Near  Guataqui,  the  same  com- 
pany is  reported  to  have  drilled  1170  ft.  (357  m.)  and  to  have  encountered 
small  showings  of  oil. 

In  the  upper  Magdalena  River  valley  there  are  two  long  lines  of 
seepages,  and  many  small  anticlines  which  give  promise  of  producing  oil. 
Whether  the  quantity  can  be  sufficient  to  justify  the  cost  of  transportation 
to  the  coast  is  doubtful.  The  problem  of  this  region  is  one  of  transpor- 
tation and  quantity  of  oil,  rather  than  the  actual  presence  of  oil,  which 
can  hardly  be  questioned. 

Estimated  Area  of  Possible  and  Probable  Oil  Lands 

The  three  weUs  producing  in  the  Tropical  Oil  Company's  concession, 
and  the  one  on  the  Barco  concession,  indicate  a  certain  amount  of  com- 
mercially proved  and  highly  probable  oil  land,  but  the  present  stage  of 
development  at  these  two  places  is  not  sufficient  to  enable  us  to  estimate 
either  the  proved  acreage  or  the  probable  production  from  proved  land 
in  Colombia.  All  we  can  say  is  that,  on  geological  evidence,  we  think 
there  is  roughly  5  sq.  mi.  (13  sq.  km.)  of  "probable"  oil  land  in  the  two 
fields  mentioned.  On  account  of  the  small  number  of  wells  drilled,  the 
rest  of  the  attractive  acreage  must  be  thrown  into  the  "  possible "  class. 

In  the  Magdalena  Valley  above  El  Banco,  there  may  be  20  to  30  sq. 
mi.  (52-78  sq.  km.)  of  possible  oil  land  in  addition  to  the  probable  oil 
land  above  mentioned. 

Below  El  Banco  it  is  necessary  to  consider  the  Magdalena  River 
valley  in  connection  with  that  of  the  Rio  Sinu,  with  w^hich  it  has  close 
relationship  in  many  ways.  Although  we  have  worked  in  several  parts 
of  this  region  we  do  not  feel  competent  to  estimate  the  possible  oil 
areas  within  it.  The  anticlines  generally  are  narrow  and  sharp,  and  on 
most  of  them  it  is  not  possible  to  reach  the  base  of  the  Tertiary.  In 
other  words,  most  of  them  may  never  produce  oil.  The  district,  how- 
ever, is  highly  attractive  because  of  the  possibility  that  oil  may  have 
migrated  long  distances  upward  into  the  attainable  Tertiary  strata,  and 
because  the  Marine  Tertiary  of  this  region  offers  attractive  possibilities 
as  an  additional  source  of  oil.  Our  best  guess  is  that  there  may  be  30 
sq.  mi.  of  possible  oil  lands  in  this  district. 
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Concerning  the  Atrato  River  valley,  neither  of  us  knows  anything. 
The  region  is  very  unhealthy.  We  understand  that  geologists  have 
reported  favorably  on  parts  of  this  territory,  but  we  cannot  make  any 
estimate  concerning  it. 

The  west  coast  of  Colombia,  so  far  as  we  can  ascertain,  has  no  known 
potential  oil  lands.  There  generally  is  only  a  narrow  strip  of  unaltered 
strata  west  of  the  metamorphic  and  igneous  rocks  of  the  mountain  mass, 
except  north  of  the  Rio  San  Juan,  where  the  old  rocks  disappear;  and  also 
near  the  south  end  of  Colombia,  where  there  is  said  to  be  an  embayment 
of  Tertiary  in  the  older  rocks. 

Our  information  is  inadequate  for  much  comment  on  the  three  other 
districts  mentioned  in  the  subdivision,  namely,  the  Santa  Marta  areas 
and  the  Goajira  peninsula,  the  Amazon  River  drainage  (Meta  River 
basin),  and  the  Colombian-Venezuelan  boundary  area. 

In  the  Colombian- Venezuelan  boundary  region  the  Barco  concession 
in  Colombia  and  the  Colon  Development  Company's  property  in  Vene- 
zuela have  been  partly  tested.  The  Colon  Development  Co.,  since  1914, 
has  drilled  four  productive  wells  on  the  north  side  of  the  Rio  de  Oro  and 
on  the  Rio  Tarra.  One  of  the  Rio  de  Oro  wells  had  a  good  flow  of  27" 
oil  at  about  1000  ft.  (305  m.)  and  another  well  had  32°  oil  of  good  refining 
quality  at  about  2000  ft.  A  shallower  well,  reported  at  about  800  ft. 
(244  m.),  had  oil  of  about  23°  B^.  The  exact  size  of  these  wells  is 
unknown  but  they  indicate  the  presence  of  an  oil  field  in  that  region. 

In  1920  the  Colombian  Petroleum  Co.  drilled  on  the  south  side  of  the 
Rio  de  Oro  on  the  Barco  concession.  The  well  is  reported  800  ft.  deep 
and  good  for  500  bbl.,  with  a  gravity  of  about  27°  B6.  The  company  is 
preparing  to  drill  on  the  Rio  Tarra. 

Oil  seepages  are  reported  in  places  along  the  entire  eastern  front  of  the 
Cordilleras,  including  the  Meta  River  basin;  the  gedogy  is  known  to 
be  attractive,  but  the  transportation  problems  seem  forbidding. 
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Oil  Resources  of  Ecuador 

By  V.  F.  Marsters,  Kansas  City,  Mo. 

(New  York  Meeting,  February,  1922) 

Seepages  of  oil  in  Ecuador  have  been  known  for  many  years.  The 
locahty  first  to  receive  attention,  and  still  worked  in  a  modest  way,  lies 
on  the  north  shore  of  the  Santa  Elena  peninsula,  between  La  Puntilla 
and  Salinas.  Operations  were  first  conducted  largely  by  local  capital. 
Later,  foreign  companies  acquired  large  blocks  of  land,  where  the}^  have 
done  considerable  drilling.  For  details  concerning  present  drilling  activi- 
ties in  Ecuador,  we  are  indebted  to  Leon  Price,  an  American  resident 
engineer  of  Ecuador.  The  information  solicited  came  to  the  author 
through  the  office  of  the  American  Consulate,^  with  permission  to  use  it. 

The  coastal  plain  bordering  the  Province  of  Tumbes,  Peru,  continues 
to  the  northeast,  but  narrows  on  passing  the  Zarumilla  River.  From 
this  point  northward  it  widens  toward  Santa  Rosa.  In  fact,  the  pampas, 
as  shown  on  the  official  Wolf  map,  correspond  fairly  well  to  the  areal 
extent  of  the  coastal  plain  as  far  as  Guaj^aquil.  This  is  shown  in  a  general 
way  on  the  accompanying  map.  The  author  understands  that  the 
Guayaquil  embayment  is  bordered  on  all  sides  by  the  coastal  plain,  as 
recognized  at  Tumbes  and  farther  southwest,  and  that  it  can  be  followed 
without  a  break  as  far  north  as  Palmar.  This  view  is  supported  by  the 
mapped  area  regarded  by  Mr.  Price  as  favorable  or  possible  oil  territory. 
Moreover  the  islands  in  the  Gulf  of  Gua3'aquil  are  the  same  geologically 
as  the  coastal  edge,  being  composed  of  Tertiarj'^  sediments.  The  author 
understands  also  that  Tertiary  formations  occur  north  of  Palmar. 
According  to  a  report  by  Mr.  Cardon,  of  Guayaquil,  Tertiary-  sediments 
are  exposed  in  the  region  of  San  Francisco  and  extend  to  and  beyond  Pta. 
Calera.  There  is  also  reason  to  believe  that  at  least  the  lower  part  of 
the  valley  of  the  Santiago  River  is  occupied  by  Tertiarj'  sediments, 
which  probably  border  the  coast  line  and  extend  into  the  River  Mira 
basin,  and  into  Colombia. 

On  the  south  coast  there  are  many  seepages,  most  of  them  near 
the  inner  edge  of  the  coastal  plain,  between  Zarumilla  and  Santa  Rosa 
and  also  between  Santa  Rosa  and  Machala.     In  the  latter  region  are 

^  F.  W.  Coding,  Consul  General,  Guayaquil,  Ecuador. 
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many  low  places  or  basins,  usually  partly  filled  with  water;  at  times,  the 
pools  in  these  lowlands  show  oil  films.     The  author  is  informed  also 


Fig.  1. — Petroleum  regions  of  Ecuador. 


that  a  few  seepages  are  known  between  Machala  and  Nevasa.  It  is 
reported  that  seepages  occur  on  Puno  Island,  which,  as  well  as  many 
other  islands,  is  thought  to  be  composed  mainly  of  Tertiary  sediments. 
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In  reality,  it  represents  a  partly  drowned  section  of  the  coastal  plain. 
The  Machala-Santa  Rosa  seepages  are  vouched  for  by  Mr.  Cardon,  and 
have  been  mentioned  also  by  other  engineers.  North  of  Guayaquil 
in  the  basin  of  the  Guayas  (or  Daule)  River,  at  Portrillo  and  near 
Daule,  also  to  the  west  of  Guayaquil  near  Chongon,  seepages  are  men- 
tioned by  Price  and  others. 

In  the  interior,  east  of  Quito,  seepages  occur  near  Bafios.  Seepages 
on  the  coast  line,  at  or  near  Manglar  Alto,  are  mentioned  by  Price, 
Cardon,  and  others. 

Concerning  present  operations  in  Ecuador,  I  quote  the  statements 
of  Mr.  Price. 

Anglo-Ecuatoriano  Oil  Fields  Co.,  Ltd.,  or  "  Ancon  Oil  Co.'' — This 
company  was  organized  in  1919  to  take  over  the  holdings  of  the  Lobitos 
Oil  Co.  in  Ecuador,  and  in  fact  is  a  subsidiary  of  that  company.  Its 
property  includes  approximately  129,000  acres  (52,204  ha.)  in  the  region 
of  Aj^angue,  about  30  km.  northeast  of  Santa  Elena.  The  company 
drilled  one  test  well  1600  ft.  (488  m.).  Drilling  activities  stopped  about 
July,  1921. 

It  holds  some  35,000  acres  (14.160  ha.)  in  the  vicinity  of  Ancon, 
about  12  km.  south  of  Santa  Elena.  A  well  was  drilled  about  2  km.  west 
of  the  village,  but  is  now  practically  abandoned,  although  it  is  capable  of 
producing  a  few  barrels  of  oil  per  day.  Well  No.  2  of  this  company,  1  m. 
(1 .6  km.)  east  of  No.  1,  was  drilled  to  2800  ft.  (853  m.)  and  produced  about  40 
bbl.  per  day.     Well  No.  3  is  being  drilled  about  1  mi.  northeast  of  No.  3. 

British  Controlled  Oilfields  Co.,  Ltd. —  This  company  has  optional 
holdings  on  approximately  60,000  acres  (24,280  ha.)  located  about  15  km. 
inland  from  Punta  Centinella.  The  company  drilled  three  wells,  two 
of  which  are  located  near  the  shore  and  were  drilled  to  depths  of  700 
and  2000  ft.  (213  and  610  m.),  both  showing  oil.  A  third  well  was 
drilled  near  Volcancito,  about  25  km.  east  from  Santa  Elena,  the  depth 
of  which  is  unknown.  The  company  closed  its  operation  in  Ecuador  in 
December,  1921,  and  concentrated  its  activities  in  Venezuela. 

International  Petroleum  Co.,  Ltd.  {of  Canada). — This  is  a  subsidiary  of 
the  International  Oil  Co.  of  Canada.  It  is  drilling  a  well  near  JManta, 
which  in  August,  1921,  had  reached  a  depth  of  1500  ft.  (457  m.),  with  no 
indications  of  oil.  Under  the  old  law,  this  company  denounced  a  block  of 
1000  acres  (405  ha.)  and  also  bought  a  number  of  claims  scattered  over 
the  Santa  Elena  and  Ancon  regions.     It  is  producing  no  oil. 

Sackay  &  Harmsworth  Exploration  Co. — This  company  controls  about 
20,000  acres  in  the  extreme  western  part  of  the  Santa  Elena  peninsula, 
the  producing  property  lying  southwest  of  Santa  Elena  town.  The 
company  has  three  wells,  each  about  700  ft.  deep  (213  m.).  It  has 
also  a  number  of  open  pits  which  produce  considerable  seepage  oil. 
The  oil  from  the  wells  averages  about  45°  B6.  but  that  from  the  pits 


V.    F.    MARSTERS  1035 

ranges  from  20°  to  40".  The  company  purchased  a  small  refinery  at 
Saltivo.  The  production  is  sold  at  Guayaquil  and  is  sufficient  to  inter- 
fere with  the  imports  of  that  commodity. 

Local  Petroleum  Interests. — A  number  of  hand-dug  pits  lie  south  of 
Salinas,  about  40,000  bbl.  being  the  annual  output.  This  is  refined  at  the 
Carolina  refinery.  Another  Guayaquil  syndicate  is  drilling  a  well  on  its 
property  near  Ancon. 

Leonard  Exploration  Company  of  New  York. — This  company  has  been 
merged  recently  into  the  Andes  Corporation  of  New  York.  It  has  been 
granted  a  concession  in  El  Oriente  of  20,000  sq.  km.,  divided  into  two 
zones,  one  around  the  village  of  Canelas,  and  the  other  farther  north  along 
the  Cofanes  and  San  Miguel  Rivers.  Under  its  contract,  the  company 
paid  a  deposit  of  500,000  sucres  and  must  build  roads  through  the  Cor- 
dilleras to  their   properties.     A  telephone  line  is  being  constructed. 

Amazon  Corporation  of  Canada. — This  company  has  been  granted  a 
large  concession  in  El  Oriente,  also  divided  into  two  zones.  The  total 
acreage  is  not  known,  but  it  is  near  the  concession  granted  to  the  Leonard 
Exploration  Co.  The  company  agrees  to  enter  into  the  construction  of 
railway  on  a  large  scale. 

Summary  of  Possible  to  Favorable  Oil-bearing  Territory 

The  author  has  no  reliable  information  upon  which  to  make  any  calcu- 
lations on  the  possible,  probable,  or  favorable  oil-bearing  territory  at  the 
east  foot  of  the  Andes.  There  is  no  doubt  that  oil  seepages  occur  near 
Yurimaguas,  on  the  Haullaga  River,  close  to  the  boundary  between 
Peru  and  Ecuador. ^  Cretaceous  and  probably  Tertiary  sediments  are 
thought  to  occur  in  this  eastern  province.  Geological  conditions  are 
similar  to  those  in  the  coastal  province,  and  duphcate  in  part  what  is 
reported  in  the  Argentine  and  Bolivia.  Hence  one  may  expect  to  find 
oil  deposits  of  commercial  importance  in  the  oriental  provinces  of  Ecuador 
and  Peru. 

A  summary  of  possible  to  favorable  oil  territory  in  the  coastal  province 
of  Ecuador  is  given  in  the  following  tabulation. 

Sq.  Km.  Acres 

Favorable  territory: 

Part  of  Santa  Elena  peninsula 4,704  1,181,888 

Possible  to  probable  territory : 

Olan  to  Palmar  (coastal  plain) 5,152  1,271,541 

San  Francisco  area  (coastal  plain) 1,400  345,800 

Mira-Santiago  area  (coastal  plain) 2,800  691,600 

Guayaquil  (coastal  plain) 2,464  608,608 

Islands,  Gulf  of  Guayaquil 1,232  304,304 

Guayaquil  to  Peru  border  (coastal  plain) 3,360  830,020 

Interior  belt,  Santa  Rosa  to  Peru  border 4,088  1,009,736 

Total  possible  to  probable 20,496  5,061,609 

*  Publications  of  Ricardo  A.  Deustua,  lima,  Peru. 


1036  OIL    RESOURCES    OF   ECUADOR 

This  tabulation  is  based  on  the  map  submitted  by  Mr.  Price;  the 
following  remarks  may  help  elucidate  them.  Mr.  Price  indicates  on  his 
map  that  an  interior  oil  belt  extends  south  from  Santa  Rosa  to  the  Chira 
River.     He  considers  the  belt  as  possible  oil-bearing  territory. 

Investigations  by  the  writer  east  of  Tumbes,  believed  to  touch  the 
area  shown  on  the  map,  did  not  reveal  any  of  the  oil-bearing  formations 
of  the  coastal  region.  Moreover,  the  older  sediments  observed  had 
undergone  complicated  folding  and  metamorphism.  Therefore,  the 
author  suspects  that  similar  conditions  exist  to  the  south  and  throughout 
much  of  this  area,  as  shown  on  the  map.  The  possible  producing  area  of 
this  part  of  Ecuador  seems  to  be  confined  to  the  coastal  region. 

Following  tliis  view,  the  grand  total  of  possible  producing  territory 
on  the  west  border  of  Ecuador  would  measure  approximately  5,091,609 
acres  (2,060,574  ha.).  Deducting  the  interior  area  from  the  above 
total,  leaves  about  4,081,873  acres  to  represent  a  more  conserva- 
tive view  of  the  total.  From  the  stratigraphical  data  obtained  from 
various  sources,  it  seems  probable  that  not  more  than  20  per  cent,  of 
this  area  may  be  placed  in  the  "probable"  list.  Hence,  in  this  case  we 
would  have: 

Acres  Hectabes 

Possible  producing  territory,  coastal  area  of  Ecuador 4,081,873  1,651,934 

Probable  producing  territory,  coastal  area  of  Ecuador. . . .   1,009,736  408,640 


Total 5,091,609  2,060,574 

Production 

Ecuador  possesses  but  one  deep  weU  now  "  producing."  This  well  is  on 
the  property  of  the  Anglo-Ecuatoriana  (or  Ancon  Co.),  near  Ancon,  on 
the  south  coast  of  the  Santa  Elena  Peninsula,  and  was  drilled  to  2800 
ft.  (853  m.).  It  has  produced  from  37  to  40  bbl.  per  day.  The  three 
wells  driUed  by  the  Sackay  &  Harms  worth  Co.,  west  of  Santa  Elena, 
are  reported  to  have  been  drilled  to  about  700  ft.  These  are 
reported  to  have  produced  oil,  but  the  author  understands  that  they  are 
temporarily  abandoned. 

The  main  production  of  Ecuador  is  obtained  from  pits  near  Santa 
Elena.  Mr.  Price  reports  that  this  amounts  to  approximately  40,000  bbl. 
per  annum,  most  of  which  is  refined  at  the  "Carolina"  refinery,  the 
product  being  sold  in  Guayaquil.  From  these  figures,  it  seems  that 
the  Ancon  well  might  produce  about  13,000  bbl.  per  year;  adding  this  to 
the  pit  production  gives  a  total  of  53,000  bbl.  per  annum. 

Assuming  that  the  extent  of  favorable,  probable,  and  possible  terri- 
tory corresponds  in  a  general  way  to  the  area  of  the  coastal  plain  province, 
as  recognized  on  the  border  of  Peru,  Ecuador  may  possess  more  oil- 
bearing  territory  than  Peru. 
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There  is  not  now  enough  information  to  justify  a  definite  statement 
concerning  the  possibiUties  of  the  interior  provinces.  The  sm-face 
indications  are  favorable  in  the  interior  of  both  Peru  and  Ecuador. 

The  fact  that  Ecuador  does  not  now  possess  any  developed  oil  land 
makes  it  impossible  to  establish  a  basis  for  calculating  the  future  total 
production  of  the  republic.  By  comparing  the  Zorritos  field  of  Peru  with 
the  possibilities  of  the  Ecuadorian  coast,  which  is  the  northward  con- 
tinuation of  the  same  geological  province,  the  author  estimates  that 
promising  territory  on  the  coast  of  Ecuador  should  produce  from  100,- 
000,000  to  150,000,000  bbl.  Data  at  hand,  however,  lead  one  to  beheve 
that  the  coastal-plain  province  of  the  Santa  Elena  area  may  continue  to 
the  Colombia  border.  Parts  of  this  province  to  the  north,  as  at  San 
Francisco,  also  are  expected  to  show  favorable  conditions  for  the 
occurrence  of  oil. 
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Oil  Resources  of  Peru 

By  V.  F.  Mabsters,  Kansas  City,  Mo. 

(New  York  Meeting,  February,  1922) 

Peru  has  produced  petroleum  since  the  early  seventies,  the  first  work 
being  in  the  Zorritos  field,  in  the  Province  of  Tumbes,  adjoining 
Ecuador. 

In  the  early  nineties,  the  Negritos  field,  in  the  Department  of  Piura, 
came  into  prominence,  and  by  1905  had  attained  an  annual  production 
of  335,160  bbl.  The  early  development  of  the  field  was  under  the 
general  direction  of  the  London  &  Pacific  Petroleum  Co.,  but  it  is  now 
handled  by  the  International  Petroleum  Co. 

In  1900  and  1901,  the  Lobitos  field  became  the  scene  of  marked 
activity.  In  1905,  its  total  production  amounted  to  75,000  bbl.;  it 
has  continued  to  increase,  as  has  Negritos. 

From  1897  to  1902,  there  was  prospecting  in  the  region  of  La  Brieta  (or 
Fernandez),  on  the  Mancora  River,  about  25  to  30  km.  from  the  coast. 
Small  production  of  a  heavy  oil  was  obtained  from  three  different  sands. 
So  far  as  the  author  knows,  no  work  has  been  done  in  that  locality  since 
1902.  There  are  thus  four  distinct  fields  in  the  north  end  of  the  Peruvian 
coastal  plain. 

The  remaining  productive  locality  of  Peru  is  the  Pirin  or  Pusi  field, 
at  the  northwest  end  of  Lake  Titicaca,  Department  of  Puno,  in  southern 
Peru.  The  first  prospecting  near  Pusi  was  done  by  Brown  Brothers,  of 
Los  Angeles,  Calif.,  who  obtained  modest  production  about  1906;  accord- 
ing to  reports,  activities  ceased  about  1914  or  1915.  The  maximum 
annual  production  was  obtained  about  1908,  estimated  at  76,000  barrels. 

Peru  possesses  two  distinct  geographic  provinces  in  which  w^e  may  look 
for  the  development  of  a  larger  oil  industry;  namely,  the  coastal  plain 
province,  and  the  inter- Andean  plains. 

Coastal  Plain  Province 

The  coastal  province  is  most  prominently  developed  in  the  Province 
of   Tumbes   and   the   Departments   of   Piura,   and  Lambayeque.^     It 


1  For  details  concerning  the  geology  of  this  part  of  Peru,  see  Bol.  No.  50,  Cuerpo 
de  Ingenieros  de  Minas  "Informe  preUminar  sobre  la  Zona  Petrolifera  del  Norte  del 
Peru,"  por  V.  F.  Marsters. 
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continues  north  into  Ecuador,  and  southward  nearly  to  the  north  boun- 
dary of  the  Department  of  Libertad.  Its  maximum  width  is  attained  be- 
tween Cerro  del  YUesca  on  the  coast  and  Morropon  on  the  interior  edge  of 
the  plain .  A  short  distance  south  of  River  Cana,  the  foot-hills  of  the  Andes 
reach  the  coast.  The  south  haK  of  the  north  sector  occupies  a  broad 
embayment  with  a  few  outliers  of  the  Andes  dotting  the  shore  hne,  while 
the  north  half  represents  the  inner  rim  of  the  coastal  plain  extending  into 
Ecuador.  Farther  southeast  the  foot-hills  of  the  Andes  reach  the  coast. 
Wherever  the  main  transverse  valleys  are  well  developed,  their  lower  ends 
are  V-shaped  embayments  partly  filled  by  tertiary  sediments.  A  partly 
marine-filled  embayment  of  this  type  is  found  on  the  Jequetepeque 
River,  which  may  be  designated  as  the  Pacasmaj^o  embayment.  Below 
this  are  the  Chicama  and  Moche  valleys,  likewise  partly  filled  by  marine 
sediments,  which  may  be  designated  as  the  Chicama  and  Trujillo 
embayments. 

Similar  conditions  occur,  but  on  a  much  smaller  scale,  at  Chimbote, 
Casma,  and  Huarmey.  From  Haucho  to  the  south  side  of  the  Rimac 
embayment  is  a  group  of  little  valleys  connected  by  a  narrow  coastal 
rim.  Lima  stands  near  the  inner  apex  of  the  Rimac  delta.  Marine 
sediments  occur  in  the  Lima  embayment;  similar,  but  smaller,  embay- 
ments are  also  found  between  the  Rimac  and  the  Chincha  Rivers. 

From  Chincha  to  Atiquipa  is  the  central  sector  of  Peruvian  coastal 
plain. 2  Along  the  shoreward  edge,  as  well  as  in  sub-central  locations, 
there  are  pre-Tertiary  formations  projecting  through  Tertiary  sands 
and  clays.  At  Paracas  there  are  well-defined  Carboniferous  strata, 
but  the  interior  hills  are  made  up  of  Cretaceous  and '  older  rocks. 
The  part  of  this  sector  of  special  interest  is  that  between  the  lower 
part  of  the  lea  River  on  the  northwest  and  Nasca  and  Porthachuela 
on  the  southeast. 

The  south  sector  of  the  Peruvian  coastal  plain  extends  from  Chala 
southeast  into  Chile,  beyond  the  Sama  River.  The  outstanding  geo- 
graphic feature  of  the  south  sector  is  that  the  present  coast  is  occupied 
mostly  by  a  small  coastal  pre-Tertiary  ridge.  Between  it  and  the  foot- 
hills of  the  Andes  is  a  plain  varying  in  width  from  20  to  60  kilometers. 


Stratigraphy  of  Coastal  Plain 

The  south  sector  shows  considerable  variation  in  stratigraphy.  The 
south  part,  along  the  border  of  Chile,  is  made  up  largely  of  Tertiary 

*  For  details  on  central  and  south  sector  of  the  coastal  plain  see  Bol.  No.  59,  "Dos 
Informes  sobre  Ho,  Moguegrea  6  lea,"  and  No.  70,  "Informe  sobre  la  Costa  Sui' 
del  Pern,"  por.  V.  F.  Marsters. 
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sands  and  clays.  The  central  and  north  part,  however,  shows  a  mass  of 
lava  flows  interbedded  with  sands  and  clays;  this  feature  is  particularly 
well  shown  in  sections  from  Vitor  to  Mollendo.  They  also  continue  to 
the  north. 


J6 75 74 73 72 71  70  69 


Fro.  1. — Producing  oil  fields  and  other  known  prospects  of  Peru. 


The  plains  on  the  south  end  of  this  sector  he  from  100  to  500  ft. 
(30-152  m.)  above  sea  level,  while  the  north  end  of  the  south  sector,  on  its 
nner  edge,  rises  more  than  1000  ft.  (305  m.)  above  sea  level. 

In  the  central  sector,  extending  from  Chincha  on  the  north  to  Ati- 
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quipa  on  the  south,  tlie  formations  entering  into  the  body  of  the  coastal 
plain  are  entirely  sedimentary  and  composed  of  sands,  clays,  and  local 
conglomerates,  which  attain  their  greatest  thickness  between  the  lower 
part  of  the  lea  River  and  the  Grande  River,  and  Pampa  de  Tunga  on 
the  south.  Asphaltic  sands  are  known  to  exist  on  the  lower  part  of 
the  lea  River,  and  likewise  limestones  in  the  Nasca-Portachuela  were 
found  to  possess  a  strong  petroleum  odor  upon  fresh  fracture.  The 
limestones  are  doubtfully  Cretaceous. 


Fia.  2. — ^Lake  Titicaca  region  showing  location  of  Pusi  oil  field. 


Although  the  north  half  of  the  central  sector  is  thought  generally  to 
possess  a  comparatively  thin  series  of  Tertiary  strata,  it  is  not  improbable 
that  a  large  body  of  sediments  may  be  found  in  the  region  of  Pampa  de 
Chunchanga.  The  Pampa  de  Pisco  is  covered  with  a  thin  coat  of 
Tertiary  sediments.  Two  of  the  many  embay ments  existing  between 
Chincha  and  the  south  end  of  the  north  sector  of  the  coastal  plain 
that  deserve  reference  are  the  Trujuillo-Chicama  and  the  Pacasmayo 
embay  ments. 

The  greater  part  of  the  Moche  River  area  (Trujillo)  is  covered  by 
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fluviatile,  post-Tertiary  deposits;  only  on  the  outer  edge  may  Tertiary 
clays  be  seen.  The  Trujillo  area  is  connected  by  a  narrow  strip  of  coastal 
plain  with  the  much  larger  Chicama  embayment.  This  area  also  is 
almost  completely  covered  by  fluviatile  post-Tertiary  deposits,  but 
Tertiary  clays  and  sands  are  exposed  at  a  few  places  on  the  shore  line. 
Doubtless  a  considerable  body  of  Tertiary  sediments  exists  on  the  shore 
line  of  this  embayment.  One  deep  well  has  been  drilled  on  the  area  for 
water,  in  which  the  occurrence  of  asphaltic  sands  was  reported. 

The  Pacasmayo  embayment  is  covered  mainly  by  recent  alluvium; 
in  only  a  few  places  along  the  shore  may  Tertiary  sediments  be  seen. 
The  large  number  of  pre-Tertiary  outliers  suggest  that  no  great  thickness 
of  Tertiary  sediments  may  be  expected,  except  near  the  shore  of  the 
Pampa  de  Charcape. 

North  Coastal  Sector^ 

The  Pacasmayo  embayment  connects  northward,  by  a  very  narrow 
strip  of  coastal  plain,  with  the  north  sector,  which  is  the  only  important 
oil-producing  part  of  the  coastal  plain.  This  area  begins  to  widen  in  the 
region  of  the  Sana  River  and  reaches  its  greatest  width  between  Cerro  del 
Yllesca  and  Morropon  or  Chulacanas.  The  Chira  River  lies  on  the 
north  side  of  the  main  embayment.  Facing  the  Cerros  de  Amotape  the 
inner  rim  of  a  half-drowned  coastal  plain  passes  into  Ecuador. 

The  north  sector  has  the  greatest  development  of  Tertiary  strata 
known  in  Peru.  The  upper  member  of  the  Tertiary  is  recognized  on  the 
plains  behind  the  town  of  Pyta  (or  Paita)  and  consists  of  clays,  sands, 
and  lenses  of  conglomerate.  These  reappear  in  the  table  lands  northeast 
of  Lobitos,  and  likewise  are  recognized  in  the  plains  southwest  of  the 
valley  of  the  Tumbes.  The  middle  member  of  the  Tertiary,  composed 
largely  of  clays  and  sands,  is  exposed  on  all  the  sea  cliffs  from  Paita  to 
Zorritos.  From  an  investigation  of  well  logs,  it  is  apparent  that  also  a 
lower  member  of  the  Tertiary  exists.  The  deepest  well  drilled  thus  far 
has  reached  a  depth  of  3900  ft.  (1189  m.)  and  is  still  in  formations  re- 
garded as  Tertiary. 

Oil  Fields  of  North  Coastal  Plain 

Zorritos  Field 

This  is  the  most  northern  producing  area.  Drilling  has  been  carried 
on  along  the  coast  for  a  distance  of  10  km.  and  3  km.  inland;  about  90 
per  cent,  of  the  drilling  is  confined  to  the  seacoast.  In  the  northeast, 
exploration  for  oil  was  conducted  by  a  French  company  in  Quebrada 
Heath,  but  no  commercial  results  were  obtained,  although  oil  sands 
were  reported  to  have  been  encountered. 

Favorable  structural  conditions  may  be  easily  detected  in  parts  of  the 

3See  Bol.  No.  50.  z6zU.  p.  2. 
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Zorritos  field ;  but  some  of  the  prospecting  done  in  this  region  seems  not  to 
have  been  guided  by  geological  and  structural  conditions.  The  most 
recent  developments  are  not  fully  known  to  the  writer.  At  the  end  of 
1915,  313  wells  had  been  drilled  in  this  field  and  116  had  been  productive. 
There  are  three  main  producing  sands,  varying  in  depth  from  194  to 
1640  ft.  (59-500  m.).  The  deepest  well,  drilled  in  1915,  reac  ed  3020 
ft.  (920  m.). 

During  1918,  the  Zorritos  field  is  reported  to  have  produced  76,190 
bbl.;  its  maximum  output,  107,000  bbl.,  was  reached  in  1910. 

Lobitos  Oil  Field 

The  greater  part  of  the  present  productive  area  is  located  near  the 
coast,  but  production  is  obtained  also  farther  inland.  Favorable  struc- 
tural conditions  can  be  detected  easily  in  the  developed  area  and  in  many 
other  parts  of  the  concession,  as  ascertained  by  the  writer  when  making 
investigations  of  this  region  for  the  Peruvian  Government.  The  early 
prospecting  was  done  evidently  without  reference  to  geological  conditions, 
and  hence  failed. 

In  1917  the  Lobitos  field  had  about  143  producing  wells.  Four  pro- 
ducing sands  are  known,  at  depths  between  400  and  2500  ft.  (122-762  m.). 
The  deepest  well  reached  a  depth  of  3435  ft.  (1047  m.).  The  total  pro- 
duction of  1918  was  estimated  at  639,098  barrels. 

Negritos  Oil  Field 

The  Negritos  field  is  located  southwest  of  Lobitos  and  10  to  12  km. 
south  of  Talara,  the  nearest  shipping  port.  It  occupies  the  largest  single 
concession  granted  by  the  Peruvian  Government,  and  also  is  the  largest 
producing  field  in  the  Republic.  The  first  oil  wells  were  located  close 
to  the  shore  line,  as  at  Zorritos.  Exploration  soon  extended  northeast 
toward  Talara  and  likewise  into  the  interior.  This  general  region  has 
several  favorable  structures. 

At  the  beginning  of  1918,  the  Negritos  area  had  brought  in  a  total  of 
695  producing  wells,  including  those  of  the  Lagunitas  area,  a  block  of 
ground  developed  by  a  subsidiary  company.  Not  less  than  seven  oil 
sands  are  known,  ranging  in  depth  from  300  to  3000  ft.  (91-914  m.). 
The  deepest  well  was  3900  ft.  (1189  m.),  and  was  probably  still  in 
Tertiary  sediments. 

Analysis  of  Oils  from  Fields  Previously  Mentioned 

Per  Cent. 

Gasoline 1.5  to  25 

Kerosene 20  to  24 

Lubricating  oils 20  to  30 

Asphaltic  base. 
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Pirin  or  Pusi  Field 

This  field,  formerly  productive  on  a  small  scale,  is  located  in  the 
Department  of  Puno,  southern  Peru.  It  may  be  reached  by  railway  from 
MoUendo  to  Juliaca,  the  junction  of  the  railway  from  the  coast  with  the 
Puno-Cuzco  line.  The  oil  field  is  about  25  or  30  km.  northeast  of  Juliaca. 
According  to  published  statistics,  the  field  became  productive  about 
1906,  but  activities  ceased  about  1915. 

Following  the  northwest  extension  of  the  broken  plains  at  the  north 
end  of  Lake  Titicaca,  I  found  a  series  of  Tertiary  sediments  resting  upon 
formations  probably  of  Cretaceous  age.  On  the  southwest  side  of  the 
plain,  in  the  Lake  Titicaca  lowland,  both  Tertiary  and  Cretaceous  forma- 
tions are  folded  and  in  some  places  faulted.  The  production  of  the  Pusi 
field  was  obtained  apparently  in  Tertiary  sediments  and  down  the  longer 
slope  of  asymmetrical  anticlines.  Faulting  is  not  prominent  where 
production  has  been  obtained.  I  have  not  investigated  the  entire  area 
covered  by  Tertiary  sediments,  but  enough  is  known  about  this  general 
region  to  lead  me  to  believe  that  Perin  is  not  the  only  locality  where  we 
may  expect  to  find  production  of  at  least  modest  proportions. 

About  10  wells  had  been  drilled  when  I  visited  this  locality;  the 
producing  sands  were  found  between  242  and  750  ft.  (74-229  m.). 

After  the  Lake  Titicaca  Oil  Co.  ceased  operations,  their  holdings 
were  acquired  by  the  "Sociedad  de  Petroleos  Espana,"  which  drilled 
about  2  wells  and  cleaned  out  the  old  ones.  Of  the  10  wells  drilled  by 
the  Lake  Titicaca  Oil  Co.,  five  were  productive.  The  first  10  wells  were 
drilled  from  193  to  815  ft  (59-248  m.);  the  production  was  obtained 
between  242  and  750  ft.  (74-229  m.).  The  12  wells  drilled  by  the 
Sociedad  de  Petroleos  Espana  ranged  in  depth  from  170  to  240  ft. 
(52-128  m.)  and  obtained  a  little  production  from  193  to  249  ft.  (59-76  m.) . 
The  sand  ranged  from  4  to  13  ft.  (1.2-3.9  m.)  in  thickness.* 

The  petroleum  of  the  Pusi  field  is  reported  to  have  the  following  com- 
position : 

Per  Cent. 

Gasoline 0  to    7 

Kerosene 7  to  20 

Lubricating  oils,  main  part  of  the  product. 
ParaflBne  base. 

Geographical  Distribution  of  Oil  Seepages 

In  the  south  part  of  Peru,  seepages  are  known  to  occur  in  many  direc- 
tions from  the  Pirin  or  Pusi  field.  In  the  Department  of  Puno,  they 
have  been  recognized  near  Huancane,  to  the  east  of  Pirin;  to  the  north- 
west in  the  region  of  Yaraviri;  and  to  the  west  near  Lampa  and  Maravillas. 
Much  of  the  area  between  these  points,  as  well  as  far  to  the  northwest, 

*  See  tabulation  of  wells  in  "El  Petroleo  en  El  Peru,"  por  R.  A.  Duestua  (1921). 
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is  occupied  by  Tertiary  and  Cretaceous  formations.  No  detailed  geologi- 
cal information  has  been  published  concerning  this  section  of  the  inter- 
Andean  plain,  but  personal  investigations  indicate  that  these  formations 
extend  across  a  part  of  the  Department  of  Cuzco  into  the  Department  of 
Apurimac.     This  area  seems  worthy  of  investigation. 

Seepages  are  known  also  to  the  southwest,  near  Desaguadero,  and  on 
the  border  between  Peru  and  Bolivia.  Similar  occurrences  are  reported 
to  exist  to  the  southwest  and  within  the  limits  of  the  high  plains  of  Boh  via. 
Seepages  occur  in  the  Department  of  Apurimac,  as  well  as  in  the  Depart- 
ment of  Cuzco,  near  Pillpata  in  the  Province  of  Canas.^ 

In  the  high  plains  near  the  eastern  edge  of  the  western  range,  seepages 
have  been  recognized  in  the  southwest  corner  of  the  Department  of 
Ayacucho.  In  the  Department  of  Junin,  there  are  a  number  of  localities 
where  oil-saturated  formations  and  seepages  have  been  found.  These 
center  around  Jauja,  Yauli,  and  Tarma.  Apparently,  they  are  associated 
with  Cretaceous  formations.  The  structure  is  so  comphcated,  that 
commercial  production  is  not  to  be  expected. 

There  are  rather  large  seepages  farther  northwest,  on  the  west  edge 
of  the  high  plains,  in  the  southwest  corner  of  the  Department  of  Huanuco. 
Details  of  the  geology  are  not  available. 

On  the  coastal  plains  of  Peru  there  is  some  evidence  of  seepages  at 
points  remote  from  production.  In  the  central  sector,  or  the  part  extend- 
ing from  Chincha  on  the  northwest  to  Atiquipa  on  the  southeast,  in  the 
lower  lea  valley,  there  is  considerable  evidence  of  asphaltic  sands, 
exposed  not  far  from  the  coast. 

In  the  region  of  Nasca  and  Portachuelo  there  are  oil-bearing  limestones, 
probably  Cretaceous.  The  structure  is  complicated  and  the  region  is 
not  regarded  as  promising  for  oil.  There  is,  however,  a  section  of  the 
coastal  plain  between  Cerro  Yungi  and  the  ocean,  occupied  by  Tertiary 
formations,  where  it  is  believed  a  large  body  of  these  sediments  may 
be  found.  The  same  is  true  for  the  lower  part  of  the  lea  River  region. 
No  seepages  are  known  on  the  south  sector  of  the  coastal  plain.  The 
north  half  of  the  south  sector  is  made  up  of  mud  flows  interbedded 
with  sands  and  clay,  and  is  believed  to  offer  favorable  suggestions  for 
a  test.  The  south  half,  adjacent  to  Chile,  is  composed,  so  far  as  known, 
entirely  of  sedimentary  formations,  largely  sand  and  clay,  and  increases 
in  width  in  passing  into  Chile,  and  very  probably  increases  in  thickness. 
The  south  half  of  the  sector  merits  serious  consideration. 

Seepages  of  fair  size  are  known,  also,  near  Chimbote,  but  it  is  beheved 
that  the  area  covered  by  the  coastal  plain  formations  is  too  small  to 
warrant  serious  consideration. 


*For  additional  information,  see  "Industria  del  Petroleo  en  El  Peru  durante 
1915,"  por  R  A.  Duestua  (Secunda  congreso  cientifico  Pan  Americano  de  Washington). 
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Seepages  on  the  East  Slope  of  the  Andes^ 

There  have  long  been  reports  of  oil  seepages  on  the  east  slope  of 
the  Andes,  somewhere  in  the  vicinity  of  Yarimaguas,  or  according  to 
the  official  map  of  Peru,  near  the  border  of  the  Department  of  San  Martin 
with  the  Department  of  Loreto,  or  on  the  Haullaga  River.  From  the 
available  information  the  belt  of  lowland  adjacent  to  the  foothills  seems 
to  be  composed  of  some  Tertiary  and  probably  of  a  much  larger  group  of 
Cretaceous  sediments,  which  should  be  well  worth  investigating. 

In  the  Yurimaguas  region  Duestua  reports  also  the  following  oil 
seepages:  (1)  Quebrada  de  Chipeza  and  Chipauta,  District  of  Chasuta, 
Province  of  San  Martin,  Department  of  San  Martin;  (2)  Quebrada  de 
Potoyne,  probably  a  tributary  of  Rio  Santiago,  Province  of  Bongard, 
Department  of  Amazones;  (3)  Quebrada  de  Camaya,  tributary  to  the 
Rio  Maranon,  District  of  Pecca,  Province  of  Bongard,  Department  of 
Amazones;  (4)  Numerous  places  in  the  district  of  Barranca,  Depart- 
ment of  Loreta;  (5)  Quebrada  de  Ahuaya,  tributary  to  Quebrada 
de  Cashiboya  running  to  the  River  Ucayali,  District  of  Contamana, 
Province  of  Ucayali. 

Possible,  Probable,  and  Favorable  Oil-bearing  Territory  of  Peru 

Acres 

1.  Area  of  the  coastal  plain  of  Peru  considered  as  developed  and  in  part 

proved,  approximately 30,876 

2.  Total  promising  area  outside  of  the  proved  areas  of  the  coastal  plain, 

all  of  this  being  in  the  "north  sector" 500,125 

3.  Total  possible  producing  area  of  the  coastal  plain 1,620,610 

4.  Total  probable  producing  area  of  the  coastal  plain 940,305 

5.  Total  possible  producing  area  of  the  Pirin  region,  Lake  Titicaca, 

Department  of  Puno 98,800 

(The  above  figures  do  not  take  into  consideration  the  territory  out- 
side of  the  general  lowland  at  the  northwest  end  of  the  Titicaca  Lake. 
It  should  be  stated  that  Tertiary  and  Cretaceous  formations  occupy 
an  enormous  area  to  the  northwest  and  west  of  the  JuUaca-Yaravari- 
Hauncane  district.) 

6.  Total  coastal  plain  area,  approximately 3,091,915 

Total  interior  area,  Pirin  region  approximately 98,800 

Total  area 3,190,715 

Oil  Shales 

Apparently  little  attention  has  been  paid  to  the  possibilities  of  shale 
formations  of  Peru  as  a  source  of  petroleum. 

•  Information  on  this  subject  may  be  found  in  a  publication  by  R.  A.  Duestua, 
"Estado  actual  y  Porvenir  de  la  Industria  Petrolifera  en  El  Peru,"  Lima  (1912). 
See  also  "El  Petroleo  en  Peru,"  same  author;  Ministerio  de  Relaciones 
Exteriores  (1921). 
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While  investigating  coal  deposits  in  Peru,  I  learned  something  of  the 
distribution  of  shales  associated  with  them.  It  is  my  opinion  that  the 
shale  deposits  known  to  exist  on  the  west  slope  of  the  Andes  in 
the  Department  of  Libertad  and  Cajamarca  may  contain  oil-bearing 
members.  I  am  informed  that  one  section  of  the  west  range  in  the 
Department  of  Ancash  likewise  displays  a  very  considerable  thickness 
of  carbonaceous  shale. 
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Fig.  4. — Petroleum  productiox  of  Peru  from  1897  to  1922. 

In  the  Department  of  Junin,  there  are  large  bodies  of  shale  in  the  vicin- 
ity of  the  coal  mines  operated  by  the  Cerro  de  Pasco  Mining  Co. 

In  the  Cuzco  region  there  are  very  large  bodies  of  shale,  but  in  neither 
of  the  last  two  regions  did  I  find  any  locality  where  it  would  seem  that 
they  might  possibly  be  oil  bearing.  It  is  believed  that  the  belt  in 
the  Department  of  Libertad  may  contain  oil  shale.  The  large  shale 
deposits  of  Cerro  de  Amotape,  Department  of  Piura,  are  too  thoroughly 
metamorphosed  to  be  of  any  importance. 

Future  Production  of  Peru 

An  analysis  of  the  rate  of  increase  in  the  annual  production  of  the 
RepubHc,  considered  in  terms  of  new  territory  recognized  as  either  prob- 
able or  favorable  ground  for  future  development,  sliould  render  some 
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assistance    in    formulating    a    fairly   dependable   opinion    on    possible 
future  production. 

Production  of  Petroleum  in  Peru,  1896-1922,  in  Barrels 


Year 

LOBITOS 

Negritos 

ZORRITOS 

PrRiN» 

Lagunitos 

Total 

1896 

47,536 

1897 

70,831 

1898 

70,905 

1899 

89,165 

1900 

274,800 

1901 

274,800 

1902 

286,725 

1903 

278,092 

1904 

290,123 

1905 

75,000 

335,160 

37,720 

447,880 

1906 

162,000 

330,510 

42,419 

1,365 

536,249 

1907 

279,000 

396,750 

65,476 

15,000 

756,226 

1908 

319,898 

543,750 

71,429 

76,103 

1,011,180 

1909 

421,195 

740,070 

70,750 

76,103 

1,316,118 

1910 

400,083 

773,025 

107,000 

50,000 

1,330,105 

1911 

391,290 

882,698 

94,048 

30,000 

1,398,036 

1912 

587,048 

1,071,000 

87,095 

15,000 

1,760,143 

1913 

557,355 

1,136,490 

83,343 

10,000 

346,073 

2,133,261 

1914 

504,743 

1,032,210 

88,136 

10,000 

282,713 

1,917,802 

1915 

664,972 

1,355,925 

72,736 

1,000 

392,618 

2,487,251 

1916 

654,060 

1,822,733 

73,852 

2 

2,550,645 

1917 

686,595 

1,771,560 

75,262 

2 

2,533,417 

1918 

639,098 

1,820,814 

76,190 

2 

2,536,102 

1919 

2 

2,616,000^ 

1920 

1,993,33P 

2,790,000* 

1921 

3,568,0005 

1  Estimated. 

2  Included  in  Negritos. 

^  Quoted  from  Richardson,  U.  S.  G.  S. 
*  Am.  Petr.  Inst., 

^Petroleum  Digest,  Jan.  25,  1922;  Tulsa  World,  Jan.  21,  1921;  Wall  St.  Journal, 
Jan  ,  1922. 

Inspection  of  the  production  table  brings  out  the  following  conclusions. 

1.  The  Zorritos  field  showed  its  maximum  production  in  1910  with 
107,000  bbl.,  falling  by  1915  to  72,736  bbl.  By  1918  production  had 
increased  to  76,000  bbl.,  which  so  far  as  I  know  has  not  been  exceeded 
during  the  last  three  years.  The  production  of  the  field  seems  to  be 
declining,  or  at  least  to  have  passed  its  maximum. 

2.  The  figures  on  the  Pirin  field  would  lead  the  casual  observer  to 
suspect  that  the  area  is  practically  condemned.  On  the  other  hand, 
detailed  investigation  will  show  that  it  can  be  made  to  produce,  but 
geographical  conditions  render  operation  difficult. 

3.  As  a  rule,  the  annual  production  of  the  other  fields  has  shown  a 
marked  increase.     The  greatest  total  annual  increase  of  production 
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appears  in  1920  and  1921.     The  peak  of  annual  production  of  these  fields 
has  not  yet  been  reached. 

Calculations  indicate  on  the  north  sector  of  the  coastal  plain  about 
500,125  acres  (202,550  ha.)  regarded  as  promising  ground.  The  area  of 
about  30,875  acres  (12,484  ha.)  developed  and  proved  is  approximately 
but  one-sixteenth  of  the  total  acreage  which  unmistakeably  is  worth 
testing,  and  some  of  which  the  author  believes  will  prove  to  be  commer- 
cially productive.  This  statement  does  not  include  the  probable  produc- 
ing acreage,  which  the  author  estimates  may  be  940,305  acres 
(380,823  ha.). 

Oil  Production  of  Peru  with  Estimates  on  Possible  Reserves 

Barrels 

Total  production  from  1896  to  1921 30,176,355 

Total  production  for  1920 2,790,000 

Total  production  for  1921 3,568,000 

Increase  of  total  production  for  1921 778,000 

Assuming  an  increasingly  active  drilling  campaign,  not  only  on  the 
known  extensions  of  producing  structures,  but  also  on  other  coastal 
areas  where  probably  favorable  conditions  are  believed  to  exist,  it  is 
estimated  that  not  less  than  six  years  will  be  required  to  prove  the  areal 
extent  of  productive  territory  throughout  the  entire  coast. 

Adopting  the  above  increment  of  production,  placed  at  770,000  bbl. 
per  annum,  Peru  should  be  producing  approximately  9,180,000  bbl. 
annually  by  1928.  This  is  regarded  as  the  peak  of  production  for  the 
Peruvian  coast.  The  total  production  of  the  Peruvian  coast  from  1921 
to  1928  will  approximate  33,818,415  bbl.;  hence  the  total  production  of 
the  coast  from  1896  to  1928  would  be 63,994,770 

After  proving  up  the  areal  extent  of  producing  territory  of  the  coast 
it  is  estimated  that  the  peak  of  total  annual  production  can  be  held  near  the 
maximum  for  a  period  of  from  five  to  seven  years.     Hence  from  1928  to 

1934  we  would  expect  to  obtain  approximately 54,000,000 

Or  a  total  production  from  the  coast  alone  by  1934  of 117,994,770 

As  to  the  rate  of  decrease  of  production,  after  the  peak  has  been 
passed,  very  little  pubUshed  data  seems  to  be  available,  but  such  as  we 
have  on  the  question  of  permanent  settled  production  points  to  the  con- 
clusion that  we  may  expect  the  passage  from  the  peak  to  settled  produc- 
tion to  occupy  about  two  years.  On  this  basis  the  annual  production  of 
the  coast  by  1936  would  be  not  less  than  4,000,000  bbl.  Hence,  at  the 
close  of  1916,  the  total  production  of  the  Peruvian  coastal  district  will  be 
approximately 128,769,777 

The  period  of  settled  production  is  estimated  to  cover  not  less  than 
ten  years.  This  period  is  estimated  to  make  a  total  showing  of  30,000,000 
bbl.  The  total  production  of  the  Peruvian  coast  is  therefore  estimated 
at 158,769,770 

For  the  Pirin  area  (Lake  Titicaca  region)  the  small  amount  of  explora- 
tion carried  on  has  resulted  in  the  total  production  of  284,571  bbl. 
between  1906  and  1915.  It  is  believed  that  this  region  possesses  favor- 
able structures  and  if  developed  with  caution  and  economy  will  add  not 
less  than  30,000,000  bbl.  to  the  total  production  of  the  Republic.  This 
makes  a  grand  total  of 188,769,770 
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The  author  beheves  that  a  vigorous  drilling  campaign  on  the  coastal 
plain  alone  could  bring  the  total  annual  production  of  Peru  up  to  about 
9,000,000  bbl.  The  production  of  Peru  seems  to  be  far  below  its  possible 
maximum.  In  the  last  five  years  drilling  has  been  confined  to  practically 
proven  ground.  The  fact  that  the  Peruvian  Government  has  removed  a 
portion  of  the  coastal  plain  from  denouncement  and  has  placed  it  on  the 
reserved  list  is,  in  part,  responsible  for  the  lack  of  increased  activity  in  new 
localities,  the  development  of  which  would  be  advantageous  to  Peru. 

Using  the  available  published  statistics  on  production,  the  preceding 
summary  seems  reasonably  fair.  After  making  some  calculations  on  the 
acreage  basis,  and  knowing  that  from  four  to  seven  sands  exist  in  certain 
fields,  the  author  feels  forced  to  admit  that  the  above  figures  must  be 
too  low. 

Applying  the  few  facts  at  hand  to  the  acreage  regarded  as  probable 
to  favorable  territory,  the  author  is  confronted  with  the  unsuspected 
and  surprising  conclusion  that  he  must  increase  the  final  production 
from  3.5  to  5  times  the  total  given  above,  or  from  660,694,195  to  943,- 
848,850  barrels. 

Attention  is  also  called  to  the  fact  that  the  above  estimates  do  not 
include  the  eastern  interior  belt,  or  the  east  slope  of  the  Andes  proper  in 
the  north  part  of  Peru.  Although  no  detailed  work  has  been  published 
on  this  great  interior  belt,  significant  observations  are  known  that  force 
us  to  foresee  great  possibilities  for  this  region,  which  may  be  designated 
as  the  southwest  corner  and  border  of  the  Department  of  Loreto  and 
portions  of  the  Departments  of  San  Martin  and  Amazones. 
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Petroleum  Resources  of  Venezuela 

By     Ralph    Arnold,    Barnabas   Bryan,   New  York,    N.    Y.,    and    Geo.    A. 
Macready,  Los  Angeles,  Calif. 

(New  York  Meeting,  February,  1922) 

While  much  geological  work  and  drilling  have  been  done  in  Venezuela, 
the  incompleteness  of  geological  evidence  obtainable  and  the  restricted 
areas  in  which  drilling  has  been  done  make  any  estimates  of  oil  resources 
extremely  speculative.  Nevertheless,  it  is  felt  that  the  data  given  are 
justified,  in  the  belief  that  the  ideas  of  a  geologist  familiar  with  the  region 
are  better  than  those  of  a  promoter. 

The  oldest  beds  of  interest  to  oil  men  are  those  of  the  Cretaceous,  which 
are  well  developed  in  eastern  Venezuela  and  about  parts  of  Lake  Mara- 
caibo.  In  both  cases,  a  hard  massive  limestone  is  overlain  by  a  great 
thickness,  most  of  which  is  shale.  In  the  west,  in  places  this  shale  is 
more  than  2000  ft.  (610  m.)  thick,  while  in  the  east  it  may  attain  3500  ft. 
(1067  m.).  The  limestone  and  parts  of  the  shale  are  oil  producing. 
In  the  east,  the  Tertiary  where  present  is  almost  entirelj^  covered  by 
the  Quarternary,  but  in  the  west  it  is  well  developed. 

In  probable  unconformity  over  the  Cretaceous  shales  is  found  a  series 
of  sandstones  and  shales,  which  may  be  called  the  lower  coal  series. 
It  is  well  developed  southwest  of  the  lake,  where  it  is  the  oil  container, 
and  is  probably  the  lowest  series  exposed  east  of  the  lake. 

Above  this  is  the  Pauji  shale,  which  is  probably  the  point  of  origin 
of  all  the  oil  east  of  Lake  Maracaibo  and  in  the  State  of  Falcon.  It  has  a 
thickness  of  about  3000  ft.  (914  m.)  in  the  Mene  Grande  region. 

The  upper  coal  series  is  developed  as  a  great  thickness  of  sands,  shales, 
and  clays,  with  some  partly  consolidated  limestone.  Its  thickness  may 
be  as  great  as  10,000  ft.  It  is  the  oil  container  of  the  Falcon-El  Mene 
region  and  a  probable  location  for  oil  in  some  of  the  area  about  the  lake. 
It  may  or  may  not  include  the  so-called  Maracaibo  series  in  which  the 
oil  is  found  at  Mene  Grande. 

Over  much  of  Venezuela,  the  Quarternary  is  present  in  unknown 
thickness,  which  probably  is  not  great.  It  obscures  oil  structure  in  all 
cases  and  presents  the  greatest  hazard  of  oil  exploration  for  the  fields  which 
probably  exist  below. 
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Relative  Importance  of  Regions 

From  the  standpoint  of  oil  production  at  a  profit,  the  Lake  Maracaibo 
region  contains  over  95  per  cent,  of  the  probabihties  of  Venezuela.  Here 
the  combined  action  of  the  major  mountain  ranges  pinched  the  inter- 
vening area  to  produce  the  geosyncline  of  the  lake  and  the  surrounding 
wrinkles  that  contain  the  oil  possibilities. 

In  the  accompanying  map,  those  areas  shown  in  black  have,  through 
drilling,  shown  some  production  in  what  could  be  commercial  quantities 
if  located  in  the  United  States.  The  double-hatched  area  includes  that 
part  of  the  region  which  has  the  greatest  possibilities  of  new  discoveries 
and  wherein  some  new  fields  will  be  found.  The  part  hatched  down  to 
the  east  includes  the  area  where  further  exploration  and  carefully  con- 
sidered drilling  may  be  justified,  but  regarding  which  too  optimistic 
an  opinion  should  not  be  entertained.  The  part  hatched  down  to  the 
west  is  the  area  where  there  is  some  shght  possibility  of  oil  in  non-com- 
mercial quantities,  but  where  the  present  expenditure  of  development  or 
exploration  money  is  not  justified.  In  the  areas  left  blank,  there  are  no 
oil  possibilities. 

In  eastern  Venezuela,  the  possibilities  are  entirely  based  on  geology 
with  only  negative  evidence  from  the  drill.  While  work  in  the  region 
has  been  done  with  great  care  and  forethought,  the  most  encouraging 
results  have  been  the  discovery  of  semi-liquid  asphalt  of  no  present 
commercial  value.  Nevertheless,  the  evidence  is  so  great  that  the  authors 
have  no  hesitancy  in  saying  that  oil  in  commercial  quantities  eventually 
will  be  discovered  by  the  drill. 

In  the  great  region  south  of  the  mountains,  there  are  evidences  of  oil 
and  the  probability  of  structure,  but  the  difficulties  of  transportation 
and  the  numerous  troubles  and  costs  necessary  to  the  development  of  oil 
will  prevent  these  fields  from  producing  at  a  profit  for  many  years  to  come. 

Costs 

An  estimate  of  possible  oil  to  be  produced  from  Venezuela  would  be 
grossly  misleading  without  some  estimate  of  what  that  oil  will  cost  per 
barrel.  A  number  of  people  are  today  playing  with  fire  by  attempting 
to  make  money  in  Venezuela  without  sufficient  resources  in  land  or 
money.  Costs  of  development  are  enormous,  while  to  achieve  success  the 
investment  must  be  carried  for  many  years  before  the  profits  will  appear. 
The  best-managed  companies  have  not  recovered  a  gross  return 
equal  to  their  investment,  after  10  years  of  development.  Any  work 
in  Venezuela  based  on  a  return  of  less  than  $2.50  per  barrel  for  the  oil 
f.o.b.  tanker  is  dangerous  and  probably  unjustified. 
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Trinidad 

The  oil  of  Trinidad  is  found  in  true  sands  in  the  lower  part  of  the 
Tertiary  series,  which  is  well  developed  in  the  southern  half  of  the  island. 
The  structure  is  mostly  anticlinal,  although  a  few  domes  have  developed 
oil.  Nine  fields  have  been  developed  by  about  five  hundred  wells, 
two  hundred  of  which  are  approximately  3000  ft.  deep.  One  of  these 
fields  produces  oil  of  about  40°  Baum6  while  the  remainder  give  a  grade 
running  from  14°  to  22°.  The  development  area  is  about  5  sq.  mi.,  or 
3200  acres,  which  will  produce  about  6250  bbl.  per  acre.  Thus  the 
total  production  of  the  known  fields  will  be  about  20,000,000  barrels. 

The  total  production  from  Trinidad  through  the  year  1920  was  12,- 
000,000  bbl.,  leaving  the  probable  production  from  the  developed  fields 
about  8,000,000  bbl.  Possible  increases  in  the  probable  production  of 
known  fields  may  somewhat  increase  these  totals,  while  other  develop- 
ments in  the  southern  half  of  the  island  are  of  course  possible,  but  such 
possibilities  are  indefinite  at  present. 

Referring  to  Trinidad,  Hubert  May,  associated  with  A.  Beeby 
Thompson  of  London,  states: 

Approximately,  I  should  estimate  the  producing  area  at  about  10  sq.  mi.  The 
possible  area  may  be  considered  to  be  the  whole  of  the  southern  part  of  the  island, 
or  say  about  1000  sq.  mi.,  but  the  probable  area  will  be  somewhere  in  the  neighbor- 
hood of  200  sq.  mi.,  extending  northeast  and  southwest  of  Tabaquite:  a  region 
bounded  on  the  north  by  a  Une  connecting  Brighton  and  Princess  Town,  the  eastern 
and  western  boundaries  being  Unes  drawn  from  these  to  a  point  on  the  south  coast, 
including  the  Point  Fortin  area  to  the  west.  A  producing  area  will  probably  be 
developed  within  a  region  bounded  on  the  east  by  the  coast  Une,  on  the  south  by  the 
coast  Une,  on  the  north  by  the  Ortoire  area,  and  on  the  west  by  a  north-south  line 
through  Rio  Claro.  This  must  naturally  be  considered  approximate,  but  there  is 
little  doubt  that  production  will  be  obtained  from  those  areas  extending  from  fields 
already  producing. 

The  Guianas 

Due  to  the  presence  of  igneous  and  metamorphic  rocks,  and  the 
absence  of  the  oil-forming  series  of  Venezuela  and  that  of  the  southern 
half  of  the  continent,  the  Guianas  may  be  eliminated  from  serious  con- 
siderations for  oil.  The  only  possibilities  are  in  the  swamp  area  along 
the  coast,  where  geological  evidence  is  lacking. 

Personal  Observations 

With  full  knowledge  that  many  men  will  take  exception  to  these 
remarks,  it  may  be  stated  that  in  the  future  less  and  less  oil  will  be  im- 
ported into  the  United  States.  The  writers  agree  with  the  estimates  of 
the  "probable"  oil  reserves  of  the  United  States,  but  it  is  known  that 
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these  estimates  do  not  include  "possible"  oil  reserves  as  distinguished 
from  probable  oil  reserves.  Certainly  there  will  be  discoveries  that  will 
add  to  reserves  as  there  have  been  in  the  past. 

As  regards  South  America,  it  is  the  writers'  opinion  that  many  of  us 
are  gazing  into  a  mirage.  After  visiting  a  large  part  of  the  prospective 
territory  of  that  continent  and  having  some  experience  with  the  costs  and 
difficulties  of  development,  it  is  the  belief  of  the  writers  that  ten  cents 
spent  in  increasing  the  percentage  recovery  of  oil  from  known  American 
fields  will  be  more  productive  of  profits  than  a  dollar  spent  in  the  tropics 
and  that  new  methods  of  recovery  may  double  our  probable  reserves.  It 
is  likewise  their  belief  that  shale  oils  produced  in  the  United  States  can 
be  laid  down  in  the  great  markets  from  Chicago  and  St.  Louis  westward 
at  less  cost  per  barrel  than  oil  produced  from  sand-storage  fields  in 
the  tropics. 
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Oil  Possibilities  in  Brazil 

By  John  C.  Branner,*  Stanford  University,  Calif. 

(New  York  Meeting,  February,  1922) 

Five  of  the  geologic  horizons  that  jdeld  oil  in  other  parts  of  the  world 
are  represented  in  Brazil;  namely,  the  Devonian,  Carboniferous,  Permian, 
Cretaceous,  and  Tertiary.  Thus  far,  the  first  two  have  shown  no 
evidences  of  being  oil  bearing  within  Brazihan  territory.  Not  enough 
exploring  has  been  done  to  permit  trustworthy  comparisons  of  the  relative 
importance  of  the  Permian,  Cretaceous,  and  Tertiary  as  oil-bearing 
horizons  in  this  country.  The  most  important,  indeed  almost  the  only, 
information  available  relates  to  the  locations  of  the  areas  and  to  the 
structural  features  of  the  several  horizons.  The  theories  regarding  the 
physical  conditions  under  which  these  rocks  were  laid  down,  however,  I 
regard  of  the  utmost  importance. 

Permian 

Rocks  of  Permian  age  cover  an  enormous  area  in  Brazil,  extending 
from  Rio  Grande  do  Sul  to  Maranhao  on  the  north,  and  to  Matto  Grosso 
on  the  west.  These  Permian  rocks  in  many  places  are  known  to  include 
oil-bearing  shales  and  in  some  locations  contain  small  veins  of  gilsonite. 
The  geologic  map  of  Brazil  shows  that  the  Permian  area  is  widely  dis- 
tributed, but  there  is  considerable  doubt  about  the  origin  of  some  of 
the  rocks.  Some  of  the  lower  Permian  beds  in  southern  Brazil  contain 
marine  fossils,  but  in  Minas  no  fossils  have  as  yet  been  found  in  them,  and 
in  Bahia,  at  only  one  locality  have  a  few  Permian  plants  been  found. 

Indications  of  oil  have  been  found  in  the  states  of  Sao  Paulo,  Parana, 
and  elsewhere  farther  south,  but  wells  drilled  in  the  Permian  of  Sao 
Paulo  near  the  Morro  do  Bofete  did  not  find  oil.  One  well  has  been 
started,  by  the  Brazilian  Government,  in  the  Permian  of  Parand,  near 
Marechal  Mallet,  close  to  latitude  2Q°  south,  but  thus  far  oil  has  not 
been  found. 


*  President  Emeritus,  Stanford  University.     Doctor  Branner  died  in  Palo  Alto 
Calif.,  on  March  1, 1922,  shortly  after  writing  this  paper. 
VOL.  isviii, — 67 
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Cretaceous 

Rocks  of  Cretaceous  age  are  found  in  many  Brazilian  states,  but  while 
some  of  them  are  certainly  of  marine  origin,  others  seem  to  be  land  and 
fresh-water  deposits.  Those  best  known  are  the  marine  beds  in  the  states 
of  Sergipe  and  Bahia,  where  they  are  more  or  less  folded  and  exhibit 
wliat  petroleum  geologists  consider  favorable  structure.  In  some  places, 
especially  at  Marahii  in  Bahia,  marine  Cretaceous  beds  are  accompanied 
and  overlain  by  oil-bearing  shales. 

It  is  quite  probable  that  the  Cretaceous  rocks  are  more  widespread 
than  the  geologic  map  suggests,  for  the  Tertiary  beds,  where  they  form 
rather  wide  zones  along  the  coast,  may  have  Cretaceous  rocks  beneath 
them,  because  at  a  few  places  where  the  Tertiary  is  well  exposed  on  the 
seashore,  to  the  landward  the  Cretaceous  is  the  surface  rock.  This  is  the 
case  at  Parahiba  and  the  island  of  Itamaracd,  just  north  of  Pernambuco. 
At  Bahia,  the  map  shows  a  considerable  area  of  Cretaceous  rocks  extend- 
ing northward  to  the  Rio  Sao  Francisco.  The  age  of  these  beds  has 
been  determined  beyond  question  for  the  region  about  the  bay  of  Bahia, 
but  there  is  doubt  as  to  whether  the  horizon  continues  to  the  Rio  Sao 
Francisco.  The  rocks  in  this  zone  are  folded,  some  of  them  standing  at 
an  angle  of  45°  or  even  more,  and  there  are  many  evidences  of  faulting. 
The  rocks  of  this  particular  belt,  so  far  as  they  are  exposed,  are  shales  and 
sandstones.  In  the  state  of  Sergipe,  some  of  the  Cretaceous  beds  are 
highly  f ossiferous  limestones  of  marine  origin;  it  is  quite  probable  that 
these  Cretaceous  rocks  extend  into  the  southwestern  corner  of  Alagoas, 
where  they  are  overlain  by  the  Tertiary  sediments.  In  Maranhao,  also, 
the  Cretaceous  seems  to  underlie  a  large  area  in  the  eastern  part  of  the 
coastal  belt. 

I  know  of  no  test  wells  having  been  drilled  in  the  Cretaceous  rocks 
in  any  part  of  Brazil.  There  has  been  talk  of  drilling  such  wells,  but  if 
any  have  been  sunk,  it  is  to  be  assumed  that  they  were  unsuccessful^ 
as  the  results  have  not  been  reported. 

Tertiary 

The  chief  Tertiary  area  of  Brazil  lies  along  the  eastern  base  of  the 
Andes,  covering  almost  all  of  the  Acre  territory,  the  greater  part  of 
Amazonas,  and  forming  broad  belts  across  Pard,  on  both  sides  of  the 
Amazon  river.  This  area  is  narrow  and  patchy  along  the  rest  of  the 
east  coast  of  Brazil  from  Maranhao,  at  the  north,  to  Rio  de  Janeiro,  on 
the  south.  In  some  places  the  coastal  Tertiary  beds  are  known  to  have 
Cretaceous  rocks  beneath  them,  but  for  the  most  part  they  rest  upon 
Archean  granites  and  gneisses.  They  are  folded  in  some  places  but,  for 
the  most  part,  are  nearly  horizontal.  The  rocks  are  sandstones,  shales, 
and  conglomerates,  and  are  greatly  weathered  and  highly  colored  where 
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they  are  exposed  along  streams  and  on  seashores.  They  locally  con- 
tain marine  or  brackish-water  fossils,  and  in  places  the  shales  are  petro- 
liferous. Here  and  there,  through  the  interior,  are  fresh-water  deposits 
of  Tertiary  age,  evidently  laid  down  in  lakes.  The  rocks  of  these  fresh- 
water deposits  are  mostly  shales  containing  the  remains  of  fresh- 
water fishes  and  plant  impressions,  and  yielding  considerable  oil 
upon  distillation. 

Beginning  with  the  less  important  of  these  Tertiary  areas,  the  fresh- 
water deposits  contain  bituminous  shales  that  have  been  used  for  the 
manufacture  of  gas  at  Taubat^,  in  Sao  Paulo,  though  I  understand  that 
this  use  has  been  stopped.  The  areas  covered  by  these  fresh-water 
deposits  are  probably  too  small  to  offer  reasonable  promise  of  yielding 
petroleum. 

For  many  years,  attention  has  been  called  to  the  broken  and  irregular 
Tertiary  coastal  belt,  which  extends  with  interruptions  from  Cape  Frio, 
near  Rio  de  Janeiro,  to  Maranhao  and  beyond  as  a  possible  source  of 
oil.  It  seems  quite  possible  that  this  zone  may  contain  petroleum  where 
it  widens  out  and  extends  well  into  the  interior,  as  at  Bahia  for  300  miles, 
at  Mossoro  in  the  state  of  Rio  Grande  do  Norte,  and  at  Maranhao;  but 
elsewhere,  I  doubt  its  existence  because  this  horizon  is  too  narrow,  too 
fragmentary  and  too  thin  to  furnish  collecting  grounds  for  much 
petroleum. 

In  the  great  Tertiary  area  of  the  Upper  Amazon  region,  we  are 
certainly  not  limited  for  room,  for  within  Brazilian  territory  alone  the 
Tertiary  area,  in  Acre  and  Amazonas,  covers  more  than  1,000,000  sq.  km. 
The  thickness  of  these  deposits,  except  along  the  margins,  is  unknown. 
At  many  places  they  contain  beds  of  lignite.  Regarding  this  great  area 
as  an  oil  field  we  have  but  little  more  than  opinions  and  theories.  In 
1908,  I.  C.  White  surmised  that  if  large  deposits  of  petroleum  were  found 
in  Brazil  they  would  "  be  located  in  the  territory  drained  by  the  great 
Amazon;"^  but  he  does  not  say  why  he  reached  this  conclusion.  In 
1920,  Horace  E.  Williams,  of  the  Geological  Survey  of  Brazil,  said  that 
this  same  region  "and  the  Peruvian  frontier  .  .  .  seem  to  be  the  most 
promising  field  for  explorations  of  any  in  the  country."^  What  these 
opinions  are  based  upon  I  do  not  know,  but  presume  that  it  is  inferred 
that  the  oil  regions  known  to  exist  in  Argentina,  Bolivia,  Venezuela,  and 
Colombia  are  probably  more  or  less  continuous  along  the  eastern  base  of 
the  Andes  and  across  western  Brazil.  I  am  disposed  to  attach  consider- 
able importance  to  the  fact  that  fossils  found  along  the  western  frontier 
of  that  Tertiary  region  are  brackish-water  forms  that  mark  probably  the 
period  following  the  elevation  of  the  Andes.     It  seems  probable  also 

1 "  Coal  Measures  of  South  Brazil,"  247.     Report  of  Chief  of  Coal  Commission 
of  Brazil.    Published  by  Brazilian  Government  in  1908. 
2  Trans.  (1921)  65,  69. 
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that  the  drainage  of  the  upper  Amazon  region  formerly  flowed  westward 
into  the  Pacific,  and  consequently  that  the  sediments  would  accumulate 
toward  the  western  end  of  the  area  drained.  When  the  mountains  rose 
only  the  brackish-water  forms  of  life  survived  for  a  while. 

I  know  of  only  one  attempt  to  drill  an  oil  well  in  the  Tertiary  area 
of  Brazil  and  this  was  made  in  the  state  of  Rio  de  Janeiro  near  Campos; 
it  is  said  to  have  reached  a  depth  of  30  m.  without  finding  oil. 

Attention  should  be  called  to  the  great  areas,  amounting  to  more  than 
1,000,000  sq.  km.,  of  which  the  geology  is  entirely  unknown.  What 
promise  these  unexplored  areas  may  hold  out  to  the  petroleum  geologist 
it  is  impossible  to  predict. 
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Oil  Laws  of  Latin  America 

By  Edward  Schustee  and  Frank  Feuille,  Jr.,  New  York,  N.  Y. 

(New  York  Meeting,  February,  1922) 

As  THE  time  allotted  is  short,  we  can  present  only  a  general  idea  of 
the  oil  laws  in  the  Latin-American  republics,  as  a  supplement  to  Bulletin 
206  of  the  Department  of  the  Interior  compiled  under  the  direction  of 
J.  W.  Thompson  of  the  Bureau  of  Mines  and  entitled  "Petroleum  Laws 
of  All  America."  We  shall  not  discuss  the  European  colonies  in  Latin- 
America  nor  the  island  republics.  As  to  the  countries  discussed,  we  shall 
attempt  to  give  the  main  features  of  such  special  petroleum  legislation  as 
has  been  adopted  prior  to  the  early  part  of  this  year;  where  no  special 
petroleum  laws  exist,  we  must  look  to  the  mining  codes  for  light  on  the 
petroleum  policy. 

As  the  laws  and  regulations  for  the  extraction  of  the  metals  are  often 
difficult  of  application  to,  and  are  lacking  in  many  essentials  for,  the 
petroleum  industry,  it  is  best  for  persons  or  companies  desiring  to  enter, 
on  a  large  scale,  into  the  petroleum  exploration  and  development  of 
countries  not  having  special  petroleum  legislation,  to  obtain  a  concession 
contract  from  the  executive  of  the  country  under  consideration,  and  to 
have  the  concession  approved  by  the  congress.  If  this  concession,  which 
would  then  be  a  special  law,  contains  nothing  contrary  to  the  constitution 
of  that  country  and  does  not  infringe  on  vested  rights  of  third  parties,  it 
should  be  reasonably  safe.  If  in  such  country  there  is  some  doubt  as  to 
whether  the  petroleum  subsoil  is  owned  by  the  nation  or  the  private 
surface  owner,  only  public  lands  should  be  covered  with  the  concession. 

Guatemala  is  the  only  republic  in  the  group  that  discriminates  directly 
against  foreigners.  Bolivia,  Ecuador,  Mexico  and  Venezuela  require 
waivers  of  diplomatic  protection.^  Colombia  requires  foreigners  to 
agree  to  be  bound  by  its  alien  law.  In  addition, Mexico  makes  it  unlawful 
for  foreigners  to  acquire  direct  ownership  of  real  estate,  including  mines, 
within  a  zone  of  50  km.  along  the  coasts  and  one  of  100  km.  along  its  land 

*  The  U.  S.  State  Department  has  consistently  held  that  such  waivers  do  not  fore- 
close the  sovereign  right  of  the  American  Government  to  protect  its  nationals,  in 
a  case  of  confiscation  or  denial  of  justice;  hence  these  waivers  have  Uttle  prac- 
tical value. 
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frontiers;  and  Peru  prescribes  a  like  prohibition  as  to  properties  within 
50  km.  of  its  boundaries.  Most  of  the  Latin-American  repubhcs  have 
provisions  in  their  laws  that  would  tend  to  prevent  foreign  governments 
from  acquiring  mining  and  petroleum  rights,  either  directly  or  indirectly. 
In  some  of  them,  local  companies  must  be  organized;  but  the  expense 
thus  entailed  is  not  great  and  the  affairs  of  a  subsidiary  are  easily  con- 
trolled by  the  parent  company.  Under  the  international  precedents, 
the  stockholders  of  such  local  companies  are  entitled  to  diplomatic 
interposition,  in  proper  case. 

All  of  the  Latin-American  countries  have  written  constitutions, 
largely  modeled  on  our  federal  constitution.  Their  laws  are  contained 
mainly  in  a  series  of  codes,  the  basic  code  for  property  rights  in  general 
being  the  civil  code;  for  commercial  matters,  the  mercantile  code;  and  for 
mining  matters,  the  mining  code. 

The  question  of  federal  versus  state  rights  enters  very  little  into  the 
problems  of  foreign-oil  companies  operating  in  Latin-America,  for  all  of 
the  republics  enjoy  the  unitary  form  of  government,  except  Argentine, 
Brazil,  Mexico,  and  Venezuela,  which  are  federations.  In  these  four 
republics,  mining  legislation  is  reserved  to  the  federal  government,  so  that 
questions  arising  with  local  authorities  are  mainly  those  incidental  to 
business  enterprise  in  general,  rather  than  to  the  specific  business  of 
petroleum  mining.  In  Argentine  and  Brazil,  the  several  states  own  the 
mines  that  lie  under  the  surface  of  their  public  lands  and  thus  control 
the  disposition  of  the  petroleum  subsoil  as  to  such  lands. 

As  all  petroleum  legislation  and  policy  take,  as  the  point  of  departure, 
the  mining  laws  and  policy  in  general  and  as,  even  in  countries  having  a 
special  petroleum  legislation,  questions  not  solvable  by  that  special 
legislation  are  resolved  by  reference  to  the  provisions  of  the  respective 
mining  codes,  it  is  advisable  to  outline  the  sources  of  Latin- American 
mining  legislation. 

While  the  ideas  of  Mirabeau,  as  given  effect  in  the  French  mining 
code  of  1810,  have  had  some  influence  on  the  mining  legislation  of  the 
Latin-American  countries,  the  basis  of  Latin-American  mining  law  has 
continued  to  be  the  legislation  decreed  by  the  Spanish  crown  for  the  Ameri- 
can colonies,  from  the  time  of  their  discovery  until  their  emancipation 
early  in  the  nineteenth  century.  ^  The  early  Spanish  legislation  consisted 
of  Royal  decrees  or  ordinances;  the  earliest  issued  after  the  discovery  of 
the  Americas  being  Philip  IPs  Ordinance  of  1559.'  This  degree  incor- 
porated in  the  Crown,  mines  of  gold,  silver  and  quicksilver.  Then 
followed  the  Ordinances  of  1563;*  the  "Ordenanzas  del  Nuevo  Cuaderno" 


*  We  except  the  Portuguese  crown  colony  which  eventually  became  the  Republic 
of  Brazil,  as  to  whose  legislation  we  shall  refer  later. 

'Novisima  Recopilaci6n  (1803),  Book  ix,  title  xviii,  law  iii. 

*  Book  vi,  Title  xiii,  Law  v — Nueva  Recopilaci6n. 
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which  date  from  1584;  the  "Ordenanzas  del  Peiii"  of  the  year  1654, 
which  were  mining  laws  and  regulations  framed  especially  for  Peru; 
the  "  Recopilacion  de  Indias,"  which  was  promulgated  in  1680  for  all  the 
colonies  and  constituted  a  general  code  of  laws  therefor;  the  "Ordenanzas 
Mineras  de  Nueva  Espafia,"  prepared  for  Mexico  in  1783  but  extended 
in  1785  to  Chile  and  Peru,  and  eventually  to  practically  all  of  Central 
and  South  America.  In  1789,  Charles  III  issued  a  law^  around  which 
the  arguments  as  to  the  governmental,  as  against  the  private  ownership 
of  the  petroleum  subsoil,  have  surged  in  Mexico,  Colombia,  Panama, 
and  Costa  Rica;  this  law  declared  that  coal  was  not  a  metal  or  a  semi- 
metal  and  belonged  to  the  owner  of  the  surface.  There  were,  of  course, 
other  special  laws  and  decrees  issued  during  the  colonial  period;  but  at 
the  time  that  the  Spanish  colonies  revolted,  it  may  be  broadly  stated 
that  the  Mining  Ordinances  of  1783  provided  the  mining  law  for  all 
Spanish-America. 

Theories  as  to  Mining  Property;  and  Those  Prevailing  in  Latin- 
America 

There  are  four  theories  and  practices  in  the  world  as  regards 
the  subsoil: 

1.  The  theory  of  occupation  or  appropriation,  which  considers  mines 
to  be  res  nullius,  until  reduced  to  ownership  by  discovery  and  appropria- 
tion; this  was  the  policy  premised  in  the  mining  laws  of  the  state  of 
California  beginning  in  1848.     It  does  not  prove  successful  in  practice. 

2.  The  doctrine  of  accession,  whereby  the  surface  owner's  title 
includes  the  subsoil.  This  was  the  Roman  doctrine  and  is  the  English  and 
American  doctrine.  Under  it,  the  mining  industry  is  controlled  by 
individual  enterprise;  and  it  is  this  liberty  of  individual  initiative  that 
has  made  the  United  States  the  leading  mining  nation  of  the  world. 

3.  The  pure  regalian  or  royalty  theory,  under  which  the  government 
owns  the  subsoil  and  exploits  it  directly  or  under  contracts  made  with 
individuals,  who  cannot  acquire  anything  but  working  rights,  private 
property  in  mines  not  being  recognized.     This  is  the  Turkish  doctrine. 

4.  A  mixed  theory  of  royalty  and  appropriation,  under  which 
denouncements  of  the  subsoil  and  issuance  of  patents  carrying  a  property 
title  are  allowed,  by  permission  of  the  government,  and  the  payment  of 
annual  rentals  or  percentages  in  the  product  to  the  government.  The 
mining  ordinances  of  the  Spanish  crown  issued  for  the  Americas,  and  also 
the  French  law  of  1810,  applied  this  mixed  theory. 

After  they  achieved  independence  from  Spain,  the  Latin-American 
republics  nevertheless  continued  to  apply  the  Spanish  mining  legislation, 
either  in  practice  or  by  express  decree.  An  example  of  express  re-enactment 
wasBoUvar's  decree  of  1829,  which  declared  the  Spanish  laws  to  be  in  effect 

•Nov.  Recop.,  Book  ix,  title  xx,  Law  ii. 


1064  OIL   LAWS    OF   LATIN   AMERICA 

in  the  Federation  of  New  Granada,  which  then  included  Colombia, 
Panama,  Venezuela  and  Ecuador. 

Wliether  the  mineral  subsoil,  other  than  that  of  metals  and  semi- 
metals,  belonged  to  the  Spanish  crown  and,  therefore,  was  inherited  by 
the  several  governments  of  the  Latin-American  repubHcs,  is  a  much 
disputed  question.  The  Federal  Supreme  Court  of  Mexico,  in  1882, 
rendered  two  opinions  by  a  divided  court  to  the  effect  that  such  subsoil  did 
belong  to  the  crown.  It  reached  this  conclusion  as  an  interpretation  of 
the  effect  of  the  Spanish  mining  legislation  in  force  in  Mexico  and  went 
on  to  admit  that  if  the  congress  should  expressly  legislate  on  the  subject, 
the  court  would  respect  a  grant  of  the  mineralized  subsoil  to  the  surface 
owners.  Such  an  express  grant  of  the  petroleum  and  coal  in  the  subsoil 
was  made  by  the  IVIexican  mining  code  of  1884  (article  2). 

As  regards  the  ownership  of  the  petroleum  subsoil,  the  present  ten- 
dency of  the  Latin-American  countries  is  such  that  the  courts  would  sustain 
the  government's  claim  thereto,  unless  the  legislatures  have  expressly 
granted  the  subsoil  to  the  surface  owners,  as  has  occurred  in  Brazil, 
Colombia,  Mexico  and  Panama.  It  is  to  the  credit  of  Colombia  and 
Panama  that  their  supreme  courts  have  had  the  courage  to  halt  the  later 
attempts  of  their  legislative  or  executive  departments  to  confiscate  the 
surface  owners'  rights,  after  the  commercial  value  of  the  petroleum 
deposits  came  to  be  realized.  But  in  Mexico,  the  present  administration 
has  not  abandoned  the  program  of  confiscation  that  First  Chief  Carranza 
initiated  in  article  27  of  the  present  Mexican  constitution. 

In  Chile,  Costa  Rica,  El  Salvador,  Honduras,  and  Guatemala,  the 
ownership  of  the  petroleum  subsoil  is  open  to  question,  but  we  are  incHned 
to  the  conclusion  that  the  petroleum  subsoil  should  be  construed  as 
belonging  to  the  owner  of  the  surface.  In  Argentine,  Bolivia,  Ecuador, 
Nicaragua,  Paraguay,  Peru,  Uruguay,  and  Venezuela,  the  question 
would  undoubtedly  be  decided  in  favor  of  the  nation.  In  Mexico,  Brazil, 
Colombia,  and  Panama,  it  unquestionably  belongs  to  the  owners  of  the 
surface  who  acquired  prior  to  certain  dates. 

In  this  connection,  we  should  note  that  there  exists  a  general  tendency 
in  the  Latin-American  countries,  as  regards  their  petroleum  legislation, 
to  substitute  for  the  mixed  doctrine  of  royalty  and  appropriation, 
inherited  from  the  Spaniards,  the  Turkish  or  regalian  theory ;  this  tendency 
is  a  retrogression.  The  Turk  has  never  been  noted  for  contributions  to 
the  advancement  of  civilization. 

Countries  That  Have  No  Special  Petroleum  Legislation 

Brazil 
Brazil  was  a  Portuguese  colony  and  under  the  laws  of  Portugal  the 
mineral  subsoil  was  reserved  to  the  Crown.     During  the  period  that 
Brazil  was  an  independent  empire,  a  like  principle  prevailed;  a  law  of 
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1871  declared  the  petroleum  subsoil  to  belong  to  the  state.  But  under 
the  constitution  of  the  Republic,  promulgated  in  1891,  mines  belong  to 
the  owners  of  the  surface,  subject  to  regulation  by  the  Federal  Govern- 
ment; this  constitution  revoked  the  law  of  1871.  As  yet,  Brazil  has  no 
special  petroleum  legislation,  and  such  exploitation  and  development 
as  are  carried  out  must  be  effected  under  the  mining  code.  Under  the 
provisions  of  the  mining  decree  of  January,  1921,  alienations  of  public 
lands  will  not  include  subsoil  rights  unless  expressly  so  stated. 

Chile 

Chile  is  not  vitally  interested  in  petroleum.  From  its  declaration  of 
independence  in  1811  until  1874,  Chile  operated  under  the  Spanish  mining 
legislation;  in  the  latter  year  it  issued  its  first  mining  code.  Paragraph 
2  of  article  2  of  this  code  states  that  the  exploitation  of  coal  and  other 
fossils  not  included  in  the  first  paragraph  passes  to  the  owner  of  the  surface 
who  can  exploit  them  by  fulfilling  the  requirements  of  the  mining  law. 
In  1888,  this  code  was  replaced  by  the  code  now  in  force.  Should 
petroleum  in  commercial  quantities  be  discovered  in  Chile,  the  past 
policy  of  that  republic  would  indicate  that  its  laws  to  cover  the  industry 
would  be  reasonable. 

El  Salvador 

A  law  of  April  18,1918,  repealed  the  mining  decree  of  1899  and  declared 
that  the  Government  owns  all  the  mineral  subsoil,  including  petroleum. 
At  present  petroleum  exploitation  contracts  can  be  obtained  only  through 
the  Compania  Salvadorena  de  Perforaciones,  a  company  with  Salvadoran, 
Italian,  French,  and  Austrian  stockholders,  which  enjoys  a  concession 
covering  the  entire  republic.     This  company  has  found  no  petroleum. 

Honduras 

The  mining  code  of  1895  reserves  mines  to  the  state  but  does  not 
mention  petroleum.  The  earlier  code  of  1880  reserved  coal  to  the  owner 
of  the  surface,  but  the  code  of  1895  re-nationalized  it.  As  there  is  no 
special  petroleum  law,  the  Honduran  executive  and  legislative  depart- 
ments are  executing  and  approving  concessions  for  petroleum  exploita- 
tion, based  on  the  code  of  1895.  "The  Petroleum  Laws  of  All  America," 
contains  a  translation  of  one  of  these  concessions. 

The  most  important  concession  was  granted  to  English  interests  in 
April,  1920.  It  is  for  exploration,  with  preferential  rights  to  5000  ha. 
for  each  well  brought  in;  the  tracts  to  be  in  any  shape  and  in  any  direc- 
tion, provided  that  the  well  be  included.  Authority  is  granted  to  drill 
and  to  build  pipe  lines,  docks,  tanks,  etc.  Machinery  and  goods  destined 
for  use  of  persons  employed  by  concessionaries  are  admitted  free  of  duty. 
Concessionaries  have  the  right  to  the  gratuitous  use  of  the  public  lands, 
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timber,  and  materials  thereon  for  the  erection  of  buildings  and  the 
installation  of  machinery,  and  also  to  expropriate  private  lands  where 
necessary.  Hondurans  are  to  be  employed  in  preference  to  any  other 
nationality  except  English.  Drilling  must  begin  within  1  year  after 
Congress  approves  the  contract  and  10,000  meters  must  be  drilled  in  5 
years,  completing  at  least  one  well.  The  concession  is  for  50  years,  and 
the  consideration  stipulated  is  $50,000  per  year  for  the  first  5  years, 
together  with  a  10  per  cent,  royalty  in  cash  or  petroleum  at  the  option 
of  the  Government.  The  concession  is  freely  transferable  to  other 
ndividuals  or  commercial  companies,  but  not  to  foreign  governments. 

Paraguay 

Paraguay  operates  under  the  mining  laws  of  1878  and  1914;  the  state 
claims  the  minerals.  Concessions  are  for  not  to  exceed  ten  claims  per 
person.  There  is  no  petroleum  legislation  and,  so  far  as  we  have  learned, 
no  important  concessions  have  been  let.  As  the  present  mining  legisla- 
tion requires  work  to  begin  in  5  months,  no  great  development  of  the 
petroleum  industry  can  be  expected  in  Paraguay,  except  under  special 
concessions  entered  into  with  the  executive  and  approved  by  the  congress. 

Uruguay 

The  Uruguayan  constitution  of  1829  declared,  in  article  148,  all  pre" 
vious  laws  not  in  conflict  with  the  constitution  and  laws  to  be  passed  by 
the  congress,  to  be  in  force,  thus  continuing  the  Spanish  legislation.  The 
mining  code  of  1884  reserved  mines  to  the  state.  There  is  no  petroleum 
legislation.  Concessions  under  the  mining  law  cannot  exceed  180  ha.  per 
individual,  nor  324  ha.  per  company  of  three  or  more  persons.  As  in 
the  case  of  Paraguay,  the  petroleum  resources  could  not  be  developed  in 
the  present  state  of  its  legislation,  without  special  concessions  from  the 
executive  approved  by  the  congress. 

Countries  in  Which  There  Has  Been  Petroleum  Legislation  but 
IN  Which  a  Special  Petroleum  Law  Has  Not  Been  Adopted 

Argentine 

By  article  108  of  the  constitution  of  1860,  only  the  Federal  Government 
is  competent  to  enact  mining  legislation  and  the  mining  code  of  1887 
reserves  petroleum  to  the  nation.  Private  property  in  mines  is  established 
by  legal  concession.  The  mining  industry  is  declared  a  pubhc  utility. 
Only  three  pertenencias,  of  81  ha.  each,  constitute  a  working  petroleum 
claim  under  the  mining  law  but  liberal  interpretation  of  the  law  by  the 
mining  authorities  has  increased  this  number  to  seven  in  the  case  of 
companies.  When,  in  1907,  petroleum  was  discovered  in  commercial 
quantities,  the  Ai-gentine  had  no  petroleum  legislation  but  allowed 
applications  for  petroleum  claims  under  the  mining  laws.   'However, 
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in  1910,  the  Government  took  advantage  of  the  provisions  of  its 
general  land  laws,  to  prohibit  denouncements  or  concessions  covering 
a  radius  of  five  kilometric  leagues  from  the  center  of  Comodoro  Rivada- 
via,  only  authorizing  denouncements  under  the  mining  code,  outside  of 
that  area.  Later  it  reserved  5000  ha.  in  this  zone  for  5  years,  which 
reservation  was  renewed  in  1915.  The  rest  of  the  Comodoro  Rivadavia 
zone  was  divided  into  parcels  of  625  ha.,  for  adjudication  to  private 
parties.  As  these  resulted  in  speculation  and  no  development,  in  1913 
the  Government  forbade  denouncements  in  the  region  of  Comodoro  Riva- 
davia, comprised  between  the  parallel  of  Pico  Salamanca  on  the  north 
and  parallel  46°  on  the  south,  and  a  north-and-south  line  running  30 
km.  to  the  west  of  Comodoro  Rivadavia.  All  previous  concessions  on 
which  work  had  not  begun  were  revoked.  This  decree  was  stated,  in 
1914,  not  to  include  private  lands  lying  within  the  prohibited  zone.  A 
petroleum  law  is  now  pending  in  the  Argentine  Congress. 

Cost  Rica 

The  petroleum  subsoil  question  in  Costa  Rica  is  of  uncertain  solution. 
The  civil  code  of  1841  contains  a  pronounced  doctrine  of  accession;  and 
under  the  provisions  of  the  mining  code  of  1868  it  would  seem  that  the 
nation  had  parted  with  its  petroleum  subsoil  in  favor  of  the  ow^ner  of  the 
surface.  But  a  law  of  1913  attempts  to  put  petroleum  subsoil  under  the 
dominion  of  the  nation.  Concessions  under  this  law  have  been  granted, 
the  most  notable  being  issued  during  the  Tinoco  regime  from  1917  to 
1919  and  being  owned  now  by  American  and  English  interests.  The  Tinoco 
government  was  not  recognized  by  the  United  States  Government  and 
the  Costa  Rican  Congress  recently  declared  illegal  all  acts  of  Senor  Tinoco 
between  Jan.  27,  1917,  and  Sept.  2,  1919,  including  the  constitution  of 
June,  1917,  and  the  concessions  let  by  him  during  that  time.  A  petro- 
leum biU  was  introduced  at  the  last  session  of  the  Costa  Rican  Congress, 
but  it  is  probable  that  only  court  decisions  can  straighten  out  the  situation. 

Guatemala 

The  mining  code  of  June  30,  1908,  reserved  certain  minerals  to  the 
nation  but  did  not  mention  petroleum.  The  decree  of  Dec.  10,  1915, 
known  as  Decree  No.  722,  attempted  to  reserve  the  petroleum  subsoil 
and  stated  that  it  did  so,  as  petroleum  was  not  reserved  under  the  mining 
code  of  1908.  Under  this  statement,  it  would  seem  that  the  petroleum 
subsoil  should  be  construed  as  belonging  to  the  owner  of  the  surface 
except  as  to  public  land  alienated  by  the  nation  after  Dec.  10,  1915. 
Decree  No.  722  also  provided  that  the  Secretary  of  Public  Works  and  the 
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President  might  execute  petroleum  leases  to  citizens  of  Guatemala  for  a 
period  not  to  exceed  10  years;  these  lease  contracts  could  be  transferred 
only  to  Guatemalans.  (We  understand  that  decree  No.  722  has  been 
repealed  but  have  not  a  copy  of  the  repealing  decree.) 

Mexico 

The  original  basis  of  Mexican  mining  legislation  was  the  '•'Ordenanzas 
de  Nueva  Espana"  of  1783,  which  were  promulgated  especially  for 
Mexico.  After  Mexico  gained  its  independence,  the  mining  situation 
became  more  and  more  uncertain  and  chaotic  until,  in  1883,  an  amend- 
ment to  the  federal  constitution  of  1857  gave  the  Federal  Government  the 
right  to  enact  mining  legislation.  Under  this  authority,  the  mining  code 
of  1884  was  adopted;  it  expressly  granted  the  petroleum  subsoil  to  the 
owner  of  the  surface  and  this  grant  was  confirmed  by  the  codes  of  1892 
and  1909.  In  1901,  a  law  was  enacted  authorizing  the  executive  to 
grant  concessions  for  the  petroleum  exploitation  of  lands  and  waters  under 
federal  jurisdiction.  In  late  years,  the  attempt  has  been  made,  by  article 
27  of  the  constitution  of  1917,  to  wipe  out  the  rights  of  the  surface  owner 
to  the  subsoil  granted  him  by  the  mining  codes  of  1884,  1892,  and  1909. 

As  the  Mexican  Congress  passed  no  petroleum  legislation  based  on  the 
new  constitutional  article  27,  President  Carranza,  in  the  illegal  exercise 
of  purely  fiscal  powers  conferred  on  him  by  the  congress,  issued  a  series 
of  decrees  in  1918  purporting  to  put  into  effect  the  petroleum 
paragraph  of  this  constitutional  article.  These  decrees  are  considered 
illegal  by  members  of  the  Mexican  bar  in  general,  except  the  official 
element.  Nevertheless,  the  Federal  Supreme  Court  of  Mexico  decided 
recently  in  the  Texas  Company  "amparo"  case  that  they  are  legal.® 
The  present  government  holds  to  this  confiscation  of  the  petroleum  subsoil 
of  the  surface  owners  and  attempts  to  justify  its  course  on  fallacious 
theories  of  rights  in  expectancy  and  retroactivity.  To  the  owner  of  the 
subsoil  it  is  immaterial  whether  the  Mexican  Government  declares  this 
article  to  be  retroactive  or  not,  so  long  as  in  practice  and  based  on  a 
sophistical  theory  of  vested  rights  it  applies  the  article  retroactively. 

A  petroleum  bill  is  now  pending  before  the  Mexican  Congress  but  it 
also  proceeds  on  a  palpably  false  theory  of  vested  rights  and  offers  little 
promise  as  a  solution  of  the  unsatisfactory  situation  that  now  exists. 
The  acquisition  of  petroleum  subsoil  rights  is  at  a  standstill  in  ]\Iexico 
as  notaries  are  forbidden  to  execute  contracts  covering  petroleum  subsoil 
and  the  registrars  of  deeds  are  forbidden  to  record  them  should  they  be 
authorized. 


*  An  analysis  of  this  decision  and  a  discussion  of  its  bearing  on  the  Mexican 
petroleum  controversy  will  be  found  in  a  paper  entitled  "The  Texas  Company's 
Amparo  Case,"  published  in  the  American  Bar  Association  Journal,  November,  1921, 
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Countries  That  Have  Adopted  Special  Legislation 

Bolivia 

Bolivia,  by  a  decree  of  1872,  expressly  reserved  the  petroleum  subsoil 
to  the  nation  and  its  petroleum  laws  of  1916  and  1921  reiterated  this 
principle.  The  law  of  June  20,  1921,  which  is  at  present  in  force,  pro- 
vides that  the  petroleum  subsoil  can  be  explored  and  exploited  only  by 
the  executive  power,  either  directly  or  in  association  with  individuals  or 
companies,  under  concessions  granted  for  not  to  exceed  55  years,  over  an 
area  not  to  exceed  100,000  ha.,  and  for  a  minimum  royalty  of  11  per  cent, 
of  the  gross  product,  payable  in  petroleum  or  cash  at  the  option  of  the 
Government.  Payments  in  cash  are  to  be  determined  on  the  average 
price  for  the  preceding  quarter.  There  is  a  surface  tax  of  from  10  cents 
Bolivian  money  per  hectare  for  the  first  year,  up  to  50  cents  in  the  seventh 
year,  on  partnership  contracts  with  the  Government.  On  other  petroleum 
concessions,  the  tax  is  slightly  less  and  over  a  longer  period  of  time,  but 
with  a  30  per  cent,  surtax,  which  goes  into  effect  in  1927,  on  holdings  over 
100,000  hectares. 

Exploration  permits  are  granted  for  not  to  exceed  4  years  and  cover 
300,000  ha.,  on  the  payment  of  2}^  cents  Bohvian  money  per  hectare  per 
year,  and  a  deposit  of  10  cents  for  each  "pertenencia."  The  unit  of 
measure  is  the  hectare,  concessions  being  granted  in  the  form  of  a  rec- 
tangle, the  sides  to  be  in  a  proportion  not  to  exceed  5  to  1 ;  and  the  shorter 
side  must  follow  rivers  and  lakes  when  the  concession  is  bounded  by  such 
water.  The  claims  are  to  be  continuous  and  without  breaks.  Explorers 
are  to  have  the  preferential  right,  during  the  6  months  following  the 
completion  of  the  explorations,  for  a  concession  covering  the  prop- 
erty explored. 

Concessionaries  are  required  to  put  up  a  bond  of  250  bolivianos  for 
each  1000  ha.  at  the  time  the  contract  is  signed.  They  are  required  to 
drill  one  well  for  each  50,000  ha.,  to  a  depth  of  500  meters,  during  the 
first  5  years,  and  one  well  for  each  10,000  ha.  during  the  next  8  years. 
They  must  survey  the  area  contracted  for  and  submit  plans  for  locations 
of  wells,  buildings,  installations  of  machinery  and  equipment,  and  every 
6  months  submit  reports  showing  the  status  of  development  of  the  enter- 
prise. The  concession  carries  with  it  the  right  to  engage  in  the  petroleum 
industry  in  all  its  phases;  to  occupy  national  lands  free,  and  to  expro- 
priate private  lands  on  payment  of  damages;  to  install  telegraph  and  wire- 
less systems  with  the  permission  of  the  Government,  the  latter  to  use  them 
free  of  charge;  to  construct  and  acquire  railroads,  canals,  docks;  to  import 
npcessary  tools  and  machinery  free  of  duty;  to  use  the  pipe  lines  of  others 
if  their  capacity  will  admit,  under  a  tariff  approved  by  the  Government, 
pipe  fines  being  declared  public  utiUties.  The  Government  may  require 
pipe  fines  and  refineries    to    handle  its  petroleum  in    proportion  to 
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the  capacity  of  the  pipe  line  or  refinery,  the  Government  paying  the 
cost  thereof. 

The  Supreme  Court  has  original  jurisdiction  over  all  differences  arising 
between  the  concessionaries  and  the  Government  and  the  former  must 
keep  a  representative  at  the  Bolivian  capital  fully  authorized  to  act  for 
them  in  all  matters  arising  between  them  and  the  Bolivian  Government. 
In  addition  to  the  petroleum  taxes  mentioned,  there  is  a  profits  tax  to 
which  oil  companies  and  individuals  are  subject. 

Colombia 

Under  the  constitution  of  1886,  Colombia  took  over  all  lands  and 
mines  belonging  to  the  several  states  that  had  formed  its  union  prior 
thereto,  without  prejudice  to  rights  previously  acquired  by  individuals. 
Under  the  decree  of  June  20,  1919,  the  petroleum  in  privately  owned 
lands  was  subject  to  denouncement;  but  in  the  same  year  the  Supreme 
Court  held  that  the  Government,  under  the  constitution  of  1886,  had 
acquired  only  the  mining  rights  held  by  the  states;  that  these  had  reserved 
only  mines  of  gold,  silver,  platinum,  and  precious  stones  and  these  reserva- 
tions had  been  ratified  by  the  mining  law  of  1887;  that  petroleum  had  not 
been  included  in  these  reservations;  and  hence,  that  the  petroleum  subsoil 
of  privately  owned  lands  acquired  prior  to  the  law  of  Oct.  28,  1873,  was 
not  subject  to  denouncement. 

In  view  of  this  decision,  the  Colombian  Congress  passed  Law  120 
of  Dec.  30,  1919,  which  div  des  the  country  into  three  zones:  the  first 
being  200  km.  or  less  from  the  sea;  the  second,  200  to  400  km.  from  the 
sea;  the  third,  more  than  400  km.  from  the  sea.  Contracts  covering 
national  lands  in  these  zones  must  pay,  respectively,  minimum  royalties 
of  10,  8,  or  6  per  cent.  This  law  further  provides  that  owners  of  private 
lands  containing  known  petroleum  deposits  must  exploit  them  in  20 
years,  or  pay  rental  to  the  Government;  and  that  holders  of  lands  ceded 
or  adjudged  unclaimed  later  than  Oct.  28,  1873,  and  before  the  taking 
effect  of  fiscal  Law  30,  1903,  shall  receive  preference  in  the  granting  of 
petroleum  contracts,  all  conditions  being  equal,  for  2  years  from  the 
date  of  the  law  (note  that  this  preference  has  expired).  Holders  of  lands 
prior  to  Oct.  28,  1873,  may  lease  them,  but  these  lease  contracts  are 
subject  to  operation  taxes  of  8,  6,  or  4  per  cent,  according  to  the  zone. 
Permits  for  exploitation  of  public  lands  are  granted  on  parcels  of  not  less 
than  1000  nor  more  than  5000  ha.  Applications  for  the  same  must  state 
the  location  of  the  deposits;  define  the  zone  of  exploitation  and  attach 
topographical  and  geological  maps;  state  the  names,  nationality,  and 
interest  of  each  would-be  lessee;  in  case  of  companies,  give  the  name  and 
address  of  their  legal  representative;  if  foreigners,  agree  to  abide  by  the 
provisions  of  the  law  covering  aliens;  submit  to  all  the  provisions  of  the 
law,  especially  as  regards  supervision,  taxes,  right  of  lease,  grounds  of 
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forfeituie;  and  also  express  the  amount  of  rent  applicant  is  willing  to  pay. 
Such  applications  must  be  pubhshed  in  the  Official  Daily  and  are  not 
acted  upon  for  90  days,  it  being  necessary  for  them  to  be  passed  upon  by 
the  Ministry  of  PubHc  Works,  the  Board  of  Finance,  and  the  Council  of 
Ministers.  The  successful  appHcant  has  3  months,  after  his  appHcation 
is  favorably  acted  upon,  within  which  to  sign  the  lease  contract.  The 
lease  is  for  20  years,  with  the  privilege  of  a  10-year  extension,  and  must 
be  finally  approved  by  the  President,  unless  it  covers  territorial  waters, 
lakes  and  navigable  rivers,  in  which  case  it  must  be  approved  by  Congress 
also.  No  company  or  person  can  secure  a  lease  by  direct  contract,  con- 
cession or  transfer,  of  more  than  three  zones  of  5000  ha.  each  in  the 
same  department,  intendencia,  or  comisaria.  The  successful  applicant 
must  also  file  a  bond  for  not  less  than  20,000  Colombian  pesos  and  must 
agree  that  the  Government  may  fix  the  minimum  production  and  super- 
vise the  exploitation  of  his  wells;  that  he  will  employ  not  less  than  50  per 
cent,  of  Colombian  laborers;  that  he  will  not  transfer  the  contract  without 
the  Government's  approval;  and  that  at  the  expiration  of  the  contract  and 
in  any  one  of  the  cases  of  forfeiture  specified  in  the  law,  the  nation  will 
acquire,  free  of  charge,  the  ownership  of  the  machinery  and  all  other 
improvements  and  structures  that  may  be  found  within  the  concession. 
If  the  deposits  are  not  continuously  exploited  within  the  terms  of  the  law, 
after  5  years  from  the  date  of  the  concession  or  when  the  working  of  the 
deposit  shall  have  been  suspended  for  a  whole  year,  the  lease  shall  be 
subject  to  forfeiture,  notice  being  given  in  advance  of  the  declaration  of 
forfeiture.  Should  the  Government  prefer  its  royalty  in  cash,  payments 
will  be  based  on  New  York  prices  for  the  preceding  quarter. 

In  the  zone  defined  as  "from  a  point  18  km.  east  of  Punto  Arboletes  a 
straight  line  ending  at  Cape  Tiburon;  to  the  east  and  west  of  the  given 
points,  two  parallel  lines  running  south  until  they  reach  a  distance  of 
60  km.  north  of  the  extremity  of  the  Gulf  of  Uraba;  on  the  south  join 
these  two  parallels  above  described  by  a  line  drawn  from  the  east  to  west," 
there  shall  be  no  preferential  right  by  reason  of  discoveries;  the  minimum 
exploitation  tax  shall  be  20  per  cent,  of  the  gross  product;  and  ordinarily 
no  lease  shall  be  given  for  a  tract  of  land  larger  than  5000  ha.,  except  for 
special  fiscal  operations. 

Ecuador 

Bolivar's  decree  of  1829,  which  was  issued  at  Quito,  applied  to 
Ecuador  and  reserved  the  mining  subsoil  to  the  Government.  Article  508 
of  the  Ecuadorian  civil  code  of  1887  declared  mines  to  be  the  property  of 
the  Government;  and  the  mining  law  of  1892  expressly  reserved  petroleum 
to  the  nation. 

The  present  petroleum  law  was  passed  in  September,  1921,  and 
authorizes  tlie  executive  to  grant  leases  not  to  exceed  20  years  from  the 
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date  on  which  exploitation  begins,  with  an  extension  of  10  ^ears,  the 
latter  being  subject  to  the  laws  in  force  at  that  time;  the  royalty  to  be  not 
less  than  5  per  cent,  nor  more  than  12  per  cent.,  depending  on  the  zone,  and 
to  be  paid  in  kind  or  money  at  the  option  of  the  executive.  In  the  latter 
case,  the  price  is  to  be  based  on  three  factors:  the  average  New  York 
prices  during  the  preceding  quarter,  less  transportation  charges;  the 
effective  cost  of  production  plus  general  overhead  expenses,  plus  a  reason- 
able profit;  and  the  prices  current  in  Ecuador  during  the  preceding 
quarter.  The  rentals  on  national  lands  are  20  cents  Ecuadorian  money, 
during  the  first  year;  40  cents  the  second;  80  cents  the  third;  and  1  sucre 
per  hectare  from  the  fourth  year  onward.  The  lease  includes  the  right 
to  use  land,  water,  timber,  and  construction  materials,  in  the  area  con- 
tracted on  national  lands,  and  to  expropriate  those  found  on  privately 
owned  lands  in  accordance  with  the  mining  code. 

The  application  should  state  the  name  and  nationality  of  the  peti- 
tioner; declarations  as  to  the  possible  existence  of  petroleum  in  the  area 
described;  undertaking  to  put  up  the  bond  required  by  law,  and  give  proof 
of  the  applicant's  financial  and  technical  ability.  A  map  of  the  property 
must  be  attached.  Not  less  than  500  nor  more  than  5000  ha.,  can  be 
leased  to  one  individual  or  company  in  one  canton,  nor  more  than  15,000 
ha.  in  one  province;  surveys  to  be  made  by  the  Government  and  applicant 
jointly,  at  latter's  cost.  The  tracts  do  not  have  to  be  continuous  but  may 
be  split  into  several  parcels  of  not  less  than  500  ha.  each.  The  lessee 
must  agree  to  keep  a  representative  in  Ecuador;  must  file  a  bond  of  from 
1000  to  5000  sucres,  and  100  sucres  additional  for  each  100  ha.,  which 
bond  shall  be  forfeited  to  the  Government  if  exploitation  is  not  begun 
within  4  years;  must  obtain  permission  of  the  Government  to  transfer 
lease  contracts;  must  agree  to  file  reports  the  first  of  January  of  each  year, 
or  oftener  if  called  upon  by  the  Government;  must  employ  50  per  cent. 
Ecuadorians  as  laborers  and  experts,  unless  excused  by  the  executive;  and 
the  books  must  be  kept  in  Spanish. 

Among  the  grounds  for  revocation  is  the  failure  to  exploit  within  4 
3^ears  or  a  suspension  of  exploitation  for  three  consecutive  months, 
except  for  vis  major  and  fortuitous  accident.  The  lease  contract  carries 
with  it,  for  20  years,  an  exemption  from  fiscal,  municipal,  and  other  taxes 
on  the  capital  employed  in  the  exploration,  exploitation,  refining  and 
transporting  of  petroleum,  machinery  and  other  things  necessary  for  the 
construction  and  conservation  of  pipe  lines,  tanks,  and  pumping  stations; 
the  right  to  use  national  lands,  on  the  payment  of  1  sucre  per  annum  for 
each  10  ha.  outside  the  lands  covered  by  the  concession;  the  right  to  use 
national  lands  along  the  sea  and  banks  of  rivers  and  to  establish  new  ports, 
if  indispensable.  The  law  further  provides  that  if  a  concession  is  aban- 
doned or  cancelled  for  cause,  all  machinery,  buildings,  and  equipment 
pass  to  the  state  without  remuneration.     If  otherwise  abandoned  or 
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cancelled,  the  lessee  has  6  mouths  in  which  to  remove  the  same,  although 
the  Government  shall  have  the  preferential  right  of  purchase  during  that 
period.  It  further  provides  that  roads  built  by  the  lessee  are  to  be  pub- 
lic, and  that  all  such  roads,  wharves,  and  docks  are  to  become  the  property 
of  the  state.  The  Government  is  to  be  supplied  with  petroleum  at  the 
cost  of  production  and  transportation  plus  a  small  profit.  Prices  fixed 
for  petroleum  sold  in  the  Republic  are  to  be  approved  by  the  Government, 
but  the  lessee  must  be  left  a  reasonable  profit.  Controversies  in  which 
the  Government  is  a  party  are  to  be  decided  by  the  Supreme  Court. 
Disputes  arising  between  individuals  shall  be  decided  by  the  Ministry  of 
Public  works  subject  to  review  by  the  Council  of  State. 

Holders  of  petroleum  lands  under  previous  laws  shall  enjoy  them  for 
50  years  from  the  date  of  the  new  law,  by  paying  15  sucres  rental  per 
pertenencia  per  annum  and  a  royalty  of  from  5  to  12  per  cent.,  depending 
on  the  zone.  They  are  also  required  to  exploit  within  4  years  from  the 
date  of  this  law. 

Panama 

The  legislation  in  regard  to  petroleum  in  Panama  is  in  a  very  unsatis- 
factory state  owing  to  the  existence  of  three  or  four  laws  having  con- 
flicting provisions.  However,  the  basis  of  Panamanian  mining  legislation 
is  found  in  that  of  Colombia,  as  Panama  prior  to  1904  formed  a  part  of 
that  Republic.  The  constitution  of  that  year  reserved  mines  to  the  state, 
without  prejudice  to  acquired  rights.  Panama,  by  laws  of  1909  and  1913, 
attempted  to  vest  the  petroleum  subsoil  in  the  nation.  On  Jan.  31,  1914, 
the  Supreme  Court  decided  that  the  petroleum  subsoil  belonged  to  the 
nation,  even  in  privately  owned  lands;  but  it  reversed  itself  on  Jan.  15, 
1915,  deciding  that  the  petroleum  subsoil  in  lands  acquired  prior  to 
February,  1904,  when  the  Panama  constitution  was  adopted,  belonged  to 
the  owner  of  the  surface  and  must  be  respected  as  acquired  rights.  As  a 
result  of  this  decision,  the  legislature  passed  Laws  6  and  38  of  1915,  Law 
57  of  1917,  and  a  fiscal  law  effective  July  1,  1917,  under  which  the  execu- 
tive may  grant  exploration  permits  on  national  lands,  the  explorers  to 
have  a  preferred  concession  right  to  any  lands  explored.  Contracts  of 
exploitation  are  for  20  years,  and  call  for  the  payment  of  a  royalty  of  5 
per  cent,  of  the  gross  product  or  10  per  cent,  of  the  net  profits  to  the  Gov- 
ernment at  its  option.  The  concessionary  must  show  that  he  is  finan- 
cially able  to  handle  the  enterprise.  He  shall  have  a  preferred  purchase 
right  for  national  lands  necessary  in  exploiting  the  petroleum  concession 
and  for  the  expropriation  of  private  lands  when  required.  The  contract 
also  carries  exemption  from  export  duties  on  the  petroleum  obtained  and 
from  import  duties  on  the  machinery  necessary  for  refining  purposes. 

As  a  further  result  of  the  second  decision  of  the  Supreme  Court,  under 
Law  38  of  1915,  owners  of  private  lands  can  contract  the  exploitation  of 
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the  same,  but  when  contracted  through  the  Government,  they  must  exact 
a  20  per  cent,  royalty  for  the  owner  and  a  10  per  cent,  royalty  for  the  dis- 
coverer, should  there  be  any.  The  owner  has  a  6-months'  preference  after 
notice  that  a  third  party  desires  to  exploit  his  property,  and  if  the  owner 
signifies  his  desire  to  exploit  and  fails  to  do  so  in  1  year,  his  rights 
pass  to  the  discoverer. 

Peru 

The  mining  code  of  1900  reserved  all  mines  to  the  Government  except 
certain  non-metallic  substances;  petroleum  was  not  included  in 
the   exceptions. 

The  petroleum  law  of  Jan.  2,  1922,  declares  deposits  of  petroleum  to 
belong  to  the  nation.  It  provides  for  a  petroleum  advisory  board. 
Petroleum  concessions  shall  be  solicited  through  the  Ministry  of  Fomento. 
The  unit  of  measure  for  concessions  is  the  pertenencia,  which  comprises 
4  ha.  Applications  have  precedence  in  order  of  date,  all  things  being 
equal.  Concessionary  companies  must  be  constituted  in  accordance  with 
the  code  of  commerce,  and  must  maintain  a  domicile  in  the  Republic  and  a 
representative  at  Lima.  Foreigners  cannot  acquire  petroleum  claims  by 
any  title  within  50  km.  of  the  frontiers.  Concessions  are  transferable 
only  with  the  consent  of  Government,  under  penalty  of  cancellation.  The 
executive  can  reserve  two  or  more  lots  in  each  pool,  whose  exploration  and 
exploitation  shall  be  granted  only  to  national  companies  organized 
with  local  capital.  He  can  also  reserve  for  the  state  such  zone  or  zones  as 
he  may  consider  advisable.  Special  permits  to  exploit  must  be  obtained 
even  as  to  lands  covered  by  the  concession.  The  petroleum  industry  is 
declared  a  public  utility  and  the  state  may  expropriate  concessions  when 
its  safety  so  requires.  Applications  for  concessions  for  exploration  must  be 
prefaced  by  a  deposit  of  £200,  Peruvian»money,  for  each  1,000  pertenencias. 

Exploration  concessions  are  subject  to:  Limit  of  15,000  pertenencias 
on  the  coast,  20,000  on  the  "Sierra,"  and  30,000  in  mountains;  annual 
exploration  tax  per  pertenencia  of  1  sol  on  the  coast,  40  centavos  on  the 
"Sierra"  and  20  centavos  in  the  mountains  payable  every  semester; 
term  of  from  2  to  4  years,  with  possible  extension  of  2  years. 

Petroleum  claims  can  be  grouped  without  reference  to  continuitj% 
forming  rectangles  whose  sides  shall  not  exceed  the  proportion  of  10:1. 
In  concessions  bordering  on  the  coast  and  rivers,  the  short  side  of  the 
rectangle  must  rest  on  the  river  or  coast  as  the  case  may  be.  Exploration 
operations  must  be  effected  in  accordance  with  the  plan  presented  by 
the  applicant,  within  6  months  after  the  granting  of  the  concession.  The 
concessionary  must  advise  the  Ministry  of  Fomento  as  to  the  progress  and 
and  results  of  the  exploration,  and  deliver  annually  copies  of  the  topo- 
graphical and  geological  maps,  filing  complete  map  at  end  of  period  of 
exploration.     Products  found  during  the  exploration  belong  to  the  con- 
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cessionary,  except  10  per  cent,  to  the  Government  within  150  km.  of  the 
coast,  and  6  per  cent,  elsewhere.  Explorers  have  the  exclusive  right  to 
obtain  concessions  to  exploit  all  or  part  of  the  lands  explored  by  them 
within  the  term  designated  for  the  exploration.  Concessions  are  to 
be  cancelled  if  transferred  without  consent  of  the  Government;  for  failure 
to  pay  the  tax;  expiration  of  the  term;  failure  to  file  maps;  pay  royalties; 
complete  suspension  of  the  work  of  exploration  for  1  year;  and  at  the 
request  of  the  concessionary. 

Exploitation  concessions  are  granted  for  an  indefinite  period,  in 
one  or  more  lots  of  1000  pertenencias  each,  grouped  as  provided  for 
exploration  grants.  The  annual  tax  is  1  Peruvian  pound  per  pertenencia, 
until  production  is  obtained;  and  thereafter  the  tax  is  payable  under  a 
scale  running  from  0.9  pound  per  pertenencia,  when  an  average  of  one 
ton  is  produced,  down  to  0.05  for  an  average  of  ten  or  more.  This  scale 
is  reduced  by  50  per  cent,  on  concessions  covering  the  ''Sierra"  and 
mountains.  In  addition,  there  is  a  10  per  cent,  royalty  within  150  km. 
from  the  coast,  and  6  per  cent,  elsewhere;  the  payment  to  be  in  kind  or 
cash  at  the  average  prices  current  in  Lima  in  the  preceding  semester. 
Deliveries  in  kind  are  to  be  at  port  or  railroad  station  used  by  conces- 
sionary. The  concessionary  must  supply,  pro  rata  according  to  produc- 
tion, the  petroleum  necessary  for  the  country,  and  may  export  the  excess. 
He  must  offer  the  Government  or  Peruvian  capitalists  25  per  cent,  of  com- 
pany's shares  and  must  employ  natives  in  a  proportion  to  be  established 
in  each  case.  The  minimum  of  production  fixed  must  be  obtained  from 
the  third  year  onward.  There  is  a  5  per  cent,  tax  on  the  consideration 
expressed  in  transfers,  when  made.  An  export  tax  must  also  be  paid, 
but  the  scale  existing  at  the  time  the  concession  is  granted  shall  not  be 
increased  for  20  years  from  the  date  of  this  law.  The  right  to  erect  docks, 
pipe  lines,  etc.  and  to  expropriate  private  property,  when  necessary, 
is  granted. 

Concessions  for  exploitation  may  be  cancelled :  For  failure  to  obtain 
minimum  production  required  for  5  consecutive  years;  for  failure  to 
pay  tax  or  deliver  production;  for  failure  to  deliver  petroleum  for  local 
needs;  for  transfer  without  permission  of  the  Government.  Pipe-line 
owners  may  be  compelled  to  carry  oil  for  the  nation  and  for  neighboring 
concessionaries  not  having  pipe  lines.  The  executive  shall  fix  the  tariffs 
for  such  service.  Holders  of  old  concessions  shall  pay  the  new  rentals 
and  taxes. 

Venezuela 

Under  the  constitution  of  1904,  the  Federal  Government  has  all  the 
revenues  yielded  by  mines  and  public  lands.  The  present  petroleum  law 
became  effective  July  30,  1921;  under  it,  as  under  previous  legislation, 
the  Government  claims  the  petroleum   subsoil,   private  ownership  in 
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the  well  not  being  obtainable.  This  law  makes  a  distinction 
between  exploration  and  reserved  zones.  In  the  exploration  zones, 
exploitation  contracts  may  be  closed  only  with  a  legitimate  explorer 
or  his  assignee.  In  the  reserved  zones,  it  is  not  necessary  that  the  party 
who  closes  the  exploitation  contract  be  the  explorer.  Exploration 
permits  cannot  cover  more  than  240,000  ha.  in  parcels  of  10,000  ha. 
each,  at  a  rental  of  J^  bolivar  per  hectare.  They  are  irrevocable  for 
two  j^ears,  although  they  may  be  declared  null  for  certain  causes,  and  may 
be  transferred  by  giving  notice  to  the  Minister  of  Fomento.  Applications 
for  exploration  permits  must  remain  on  j&le  8  months. 

The  exploitation  contracts  are  granted  for  30  years  and,  when  based 
on  exploration  permits,  cannot  be  denied  unless  the  exploration  permit 
was  invalid.  They  may  cover  up  to  120,000  ha.,  but  cannot  cover  more 
than  one-half  of  the  property  explored,  the  plats  being  so  selected  that  the 
result  will  give  a  sort  of  checker-board  arrangement,  the  concessionary 
having  the  right  to  select  tracts  of  five  plats  or  less,  covering  200  ha.  each, 
arranged  in  a  square  or  rectangle,  the  Government  reserving  every  other 
tract.  The  concessionary  must  pay  5  bolivares  per  hectare  covered  by 
the  exploitation  contract  within  1  month  after  the  publication  of  his 
contract  in  the  Official  Gazette  and  the  same  amount  per  annum  thereafter. 
He  must  also  agree  to  pay  15  per  cent,  royalty  (this  was  50  per  cent,  under 
the  law  of  1920)  to  the  Government  in  kind  or  15  per  cent,  of  the  com- 
mercial value  of  the  oil  extracted,  although  the  executive  is  authorized  to 
reduce  this  percentage  if  there  are  special  difficulties  to  overcome.  How- 
ever, the  royalty  shall  never  be  less  than  10  per  cent,  in  kind  or  10  per 
cent,  of  the  commercial  value,  and  in  no  event  less  than  2  bolivares  per 
ton  of  the  product  exploited.  Refined  products  consumed  in  the  Republic 
must  pay  50  per  cent,  of  the  import  duty  on  petroleum  products, 
although  the  President  may  waive  this  clause.  Machinery  and  installa- 
tions, except  refinery  equipment,  which  have  become  fixtures,  as  well  as 
pipe  lines,  belong  to  the  Government  at  the  termination  of  the  contract. 
Exploitation  contracts  must  be  published  in  the  Official  Gazette  and  must 
be  approved  by  Congress.  The  concessionary  is  furnished  with  a 
certified  copy  of  the  contract  and  the  law  approving  it  and  can  have  the 
file  recorded  in  the  local  registry  office  of  the  district  in  which  the  land 
is  located. 

Reserved  zones  comprise  lands  under  direct  exploitation  by  the 
Government,  those  contracted  for  prior  to  the  present  law,  those  declared 
forfeited  under  this  law  and  the  tracts  consisting  of  five  plats  or  less,  of 
200  ha.  each,  cut  out  from  the  tracts  explored  by  concessionaries,  and  such 
others  as  the  Government  may  reserve.  They  may  be  contracted  by 
bids,  which  are  never  to  be  less  than  the  conditions  imposed  on  the  con- 
cessionary of  the  exploration  zones.     With  respect  to  the  exploitation  tax 
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of  these  zones,  the  basis  of  the  bidding  may  be  set  at  25  per  cent,  of  the 
commercial  value  of  the  product  or  25  per  cent,  in  kind.  Reserved  zones 
may  also  be  contracted  for  without  bids  by  the  executive  and  on  the  same 
basis  as  exploration  zones,  and  for  a  period  not  to  exceed  40  years. 

Concessionaries  are  not  permitted  to  suspend  exploitation  without 
good  cause.  The  contracts  are  transferable  with  the  consent  of  the 
Government,  but  only  to  legal  residents  of  Venezuela  and  no  person  or 
company  can  acquire  more  than  120,000  ha.  Petroleum  required  for 
public  services  shall  be  furnished  by  the  concessionary  at  a  discount  of 
20  per  cent,  from  the  price  on  the  day  of  sale.  The  contracting  parties, 
although  subject  to  the  taxes  of  stamped  paper,  stamps  and  others  of 
a  general  character  established  by  law,  are  exempt  from  any  others 
that  refer  especially  to  the  exploitation  of  mines  and  make  the  obliga- 
tions assumed  by  them  more  burdensome.  The  concessionaries  enjoy 
rights  of  expropriation  of  necessary  lands;  the  usual  mining  easements; 
the  importation,  free  of  duty,  of  the  machinery,  buildings,  imple- 
ments, instruments  and  other  things  used  for  exploration  and  exploita- 
tion of  petroleum  deposits,  and  the  refining  and  extraction  of  their 
products. 

No  contracts  can  be  effected  with  persons  or  companies  not  legally 
residing  in  Venezuela.  Rights  acquired  under  previous  laws  will 
be  respected. 

Conclusions 

It  may  fairly  be  deduced  from  the  foregoing  summary  that  the 
tendency  in  Latin  America  is  to  encroach  upon  the  rights  of  the  individual 
and  to  create  a  government  monopoly  in  the  rights  to  the  petroleum  subsoil, 
either  by  express  legislation  or  by  excessive  taxation,  and  by  administra- 
tive policy. 

Panama  and  Colombia  endeavored  to  give  effect  to  this  policy  by 
express  legislation;  and  when  their  supreme  courts  declared  the  laws  to  be 
illegal  in  respect  to  the  owners  of  lands  acquired  prior  to  certain  dates 
the  congress  of  each  country  passed  new  legislation,  purporting  outwardly 
to  respect  vested  rights  as  defined  by  the  respective  supreme  courts  and 
yet  by  taxation  and  regulation  to  attain  the  object  pursued  theretofore. 

Guatemala  candidly  admitted,  in  Decree  No.  722,  Dec.  15,  1915,  that 
it  had  not  reserved  the  petroleum  subsoil,  but  nevertheless  proceeded  to 
take  it  regardless  of  possible  vested  rights  of  private  property. 

El  Salvador,  by  a  law  of  April  18,  1918,  repealed  its  mining  decree  of 
1899  and  declared  that  consequently  the  state  owns  all  the  minerals  or 
subsoil  substances  including  petroleum.  El  Salvador  salved  its  pubUc 
conscience  for  thus  despoiling  the  rights  of  surface  owners,  by  stating 
that  the  effects  of  this  law  shall  not  prejudice  the  rights  of  surface  owners 
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who  may  have  previously  discovered  and  reduced  to  possession  minerals 
within  their  respective  properties,  or  the  legitimately  acquired  rights  of 
third  parties.  Like  Mexico,  it  erects  a  mentally  dishonest  theory  of 
"rights  in  expectancy,"  in  bland  disregard  of  the  legally  vested  rights  of 
its  surface  owners. 

Honduras,  after  granting  coal  rights  to  the  surface  owner  by  its  min- 
ing code  of  1880,  took  them  back  by  its  code  of  1895  and,  without  having 
specifically  mentioned  petroleum,  has  granted  petroleum  subsoil  rights, 
by  means  of  concessions,  without  regard  to  whether  the  lands  thus  granted 
lay  in  the  public  domain  or  were  privately  owned. 

Brazil's  mining  law  of  January,  1921,  provides  that  in  the  future 
transfers  of  pubUc  lands  shall  not  carry  the  subsoil  rights  unless  there  is  a 
clause  to  that  effect.  The  provisions  of  this  law  also  infringe  on  the  rights 
of  the  surface  proprietor,  as  his  right  to  prospect  for  petroleum  on  his 
own  land  is  now  limited  to  1  year  after  notice,  and  should  he  fail  to 
prospect,  a  third  party  may  do  so  by  paying  him  for  such  damages  as 
may  be  incurred  in  the  use  of  his  property.  If  the  owner  does  not  begin 
exploiting  the  mines  discovered  on  his  property  within  1  year,  the  Govern- 
ment or  third  parties  may  do  so,  paying  to  such  owner  either  the  damages 
caused  his  property,  or  a  portion  of  the  net  profits,  not  to  exceed  3  per 
cent.  These  provisions  would  seem  to  be  in  violation  of  article  72  of 
the  federal  constitution,  granting  the  mine  to  the  surface  owner,  and  of 
the  prohibitions  levelled  against  the  taking  of  private  property  without 
due  process  of  law  and  against  retroactive  laws,  as  they  permit  the  confis- 
cation of  the  mining  property  given  to  the  owner  of  the  surface  by  the 
constitution,  for  the  sole  reason  that  the  owner  of  the  surface  is  financially 
unable  to  exploit  his  property  or  cannot,  in  the  space  of  a  year,  interest 
other  capital  in  developing  it  for  him. 

Mexico,  in  1917,  under  the  provisions  of  article  27  of  the  constitution 
of  that  year,  attempted  to  nationalize  the  petroleum  subsoil;  there  is 
now  pending  before  the  Mexican  Congress  a  petroleum  law  to  give  effect 
to  this  article.  The  result  of  the  law,  if  enacted  and  enforced,  will 
be  to  confiscate  to  the  Mexican  Government  the  subsoil  rights  of  95  per 
cent,  of  the  surface  owners  of  the  Republic.  Notwithstanding  this  effort, 
the  Minister  of  Industry,  Commerce,  and  Labor  recently  stated  before 
the  Mexican  Congress  that  the  executive  department  was  opposed  to 
the  retroactive  application  of  article  27.  The  word  "nationalization," 
means  that  the  nation  is  expropriating  to  itself  something  that  has  not 
belonged  to  it.  Like  El  Salvador,  Mexico  endeavors  to  assuage  its  inter- 
national conscience  by  stating  that  surface  owners  who  have  taken  steps 
to  make  effective  their  "rights  in  expectancy"  to  the  petroleum  subsoil 
granted  them  by  the  mining  codes  of  1884,  1892,  and  1909,  will  be  pro- 
tected. Yet  the  Mexican  Government,  in  all  of  its  branches,  would 
contend  that  this  is  not  retroactivity  and  that  this  is  not  confiscation. 
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However  much  we  may  wish  to  decry  the  immorality  of  depriving  the 
surface  owner  of  his  subsoil  rights,  from  a  purely  commercial  point  of 
view,  outside  of  Mexico,  it  is  of  secondary  import  to  foreign  oil  companies, 
whether  the  petroleum  in  the  subsoil  is  owned  by  the  private  surface 
owners  or  held  by  the  nation.  In  the  first  case,  the  foreign  companies 
would  set  about  entering  into  contracts  with  the  surface  owner  for  the 
exploitation  of  his  subsoil;  in  the  latter,  they  would  make  contracts  with 
the  nation.  From  a  practical  standpoint,  title  questions  are  much  more 
simple  in  those  countries  in  which  the  petroleum  subsoil  clearly  belongs 
to  the  nation,  as  titles  of  many  of  the  surface  owners  have  become  clouded 
and  involved  through  a  failure  to  observe  the  formalities  of  the  laws  as 
to  wills,  probate,  and  the  like. 

But  the  oil  companies  are  vitally  interested  in  the  extent  of  govern- 
mental restriction  and  interference  with  individual  enterprise  in  the 
development  of  the  petroleum  wealth  of  any  of  the  Latin-American 
republics.  State  monopolies  are  bad  for  the  industry,  for  individual 
interests,  and  for  the  state  itself.  States  are  not  constituted  to  handle 
any  industry  economically,  efficiently,  or  intelligently.  Capital,  in  the 
large  amounts  required  for  the  petroleum  development  of  any  of 
the  Latin-American  countries,  must  hesitate  to  enter  any  in  which  the 
petroleum  industry  is  a  government  monopoly  and  wherein  the  petroleum 
laws  tend  to  throttle  private  initiative  and  enterprise  and  to  disregard 
world  conditions.  The  exploitation  of  the  petroleum  should  be  left  to  the 
free  play  of  economic  laws  rather  than  to  be  hampered  by  the  short- 
sighted policy  of  chauvinistic  legislation  or  the  arbitrary  discretion  of 
government  officials.  As  one  South-American  writer  has  indicated, 
the  old  Spanish  mining  legislation  was  excellent  from  the  standpoint  of 
mining  regulations  in  themselves,  but  from  the  economic  standpoint  it 
was  a  complete  failure.'' 

When  Guatemala  attempted  to  limit  its  mining  concessions  to  its  own 
citizens  and  for  a  term  not  to  exceed  10  years,  it  sounded  its  own  death 
knell  as  to  petroleum  development.  Where  in  all  Guatemala  could  be 
obtained  the  millions  necessary  for  the  petroleum  development  of  that 
country?  Would  Guatemalans  have  found  capitalists  willing  to  risk 
large  sums  on  the  development  of  properties  that  could  be  held  only  for 
10  years?  When  the  Argentine  fails  to  enact  a  petroleum  law  permitting 
the  acquisition  of  petroleum  lands  in  tracts  large  enough  to  warrant  a 
heavy  investment,  can  it  complain  that  its  petroleum  industy  is  develop- 
ing too  slowly?  Can  Venezuela  expect  foreign  capital  to  hasten  the 
development  of  its  petroleum  industry,  when  the  Government  desires  a 
15  per  cent,  royalty  for  itself  and  assumes  none  of  the  losses?  Can 
Panama  expect  a  rational  and  sound  development  of  its  petroleum  indus- 
try, when  its  surface  owners  are  coerced  into  exploiting  their  property 

^  Gonzalez,  La  Propiedad  de  las  Minos,  Buenos  Aires,  1917. 
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within  a  certain  time  upon  penalty  of  losing  it,  and  when  the  surface 
owner's  right  of  contract  is  so  interfered  with  as  to  require  him  to  exact 
20  per  cent,  royalty  for  himseK  irrespective  of  the  conditions  under  which 
exploitation  must  take  place,  and  irrespective  of  the  workings  of  economic 
laws  in  general? 

If  the  United  States  is,  today,  the  wealthiest  nation  in  the  world,  it 
is  because  individual  initiative  and  enterprise  flourish  therein.  If  some 
of  the  countries  in  which  the  doctrine  of  state  control  is  in  vogue  have 
progressed,  it  is  in  spite  of  it,  not  because  of  it.  Chile,  Brazil,  and  Argen- 
tine are  the  leading  Latin-American  countries;  it  is  no  mere  coincidence 
that  they  are  also  the  republics  that  have  most  encouraged  foreign  capital 
and  individual  enterprise.  During  the  early  years  of  the  present  century 
Mexico  enjoyed  great  economic  prosperity,  its  people  were  not  heavily 
taxed,  its  treasury  had  a  comfortable  cash  balance,  its  credit  was  good ; 
but  today  the  credit  of  Mexico  is  bad,  taxes  are  heavy,  its  treasury  is 
empty,  and  it  is  importing  corn  to  feed  its  people — all  because  property 
rights  have  come  to  be  regarded  as  a  social  function,  and  leaders  ignorant 
of  all  economic  law  have  assumed  to  determine  the  restrictions  on  private 
property  that  such  philosophy  requires. 

If  experience  has  proved  in  the  United  States,  with  its  stability  of 
property  rights,  its  abundance  of  transportation  facilities,  its  near  markets, 
its  comparatively  low  interest  rates,  the  accessibihty  of  first-class 
machinery  and  the  abundance  of  skilled  labor,  that  123-^  per  cent,  is  all  the 
royalty  that  the  petroleum  industry  wiU  bear,  how  can  Panama,  Colombia 
Venezuela,  and  Bolivia,  with  their  lack  of  all  of  these  things,  expect  a 
rapid  development  of  their  petroleum  resources  on  the  royalty  bases 
they  exact?  They  remind  us  of  the  millions  of  dollars  that  the  Standard 
Oil  and  the  Dutch  Shell  companies  have  made,  but  they  ignore  the  milhons 
that  have  been  lost  by  these  and  all  the  other  companies  in  the  search  for 
new  fields.  In  no  industry  is  the  gamble  so  great,  and  the  returns,  when 
success  comes,  must  be  high  to  compensate  for  the  failures. 

If  the  Latin-American  countries  desire  the  development  of  their  petro- 
leum deposits  by  British  and  American  interests — at  present  they  alone 
have  the  capital  available  and,  incidentally,  they  are  the  foremost  expo- 
nents of  the  doctrine  of  accession,  inviolability  of  the  rights  of  private 
property,  and  individual  enterprise — these  countries  must  be  more  liberal 
in  matters  of  taxation,  roj^alty,  reservation,  compulsory  development, 
size  of  petroleum  properties,  interference  with  personnel  and  manage- 
ment, and  the  like.  Too  many  of  these  republics  tend  to  plan  their 
budgets  around  what  the  petroleum  industry  will  produce  in  the  way  of 
taxes  for  current  expenses,  rather  than  to  take  into  consideration  that 
the  greatest  benefits  that  they  can  derive  from  the  petroleum  industry 
do  not  arise  from  the  temporary  taxes  that  the  industry  may  pay,  but  from 
the  economic  advancement  and  industrial  employment  of  their  people 
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and  from  the  increase  in  the  wealth  of  the  nation  as  a  whole.  Royalties 
paid  to  the  owners  of  the  surface  add  to  the  wealth  of  the  individual 
citizens  of  the  country,  make  available  more  capital  for  the  development 
of  other  industries,  and  thus  add  to  the  permanent  wealth  of  the  nation 
with  greater  and  more  lasting  benefits  to  the  national  treasury.  Royal- 
ties paid  to  the  government  are  too  often  spent  for  non-wealth-producing 
activities  in  the  nature  of  current  expenses,  which  add  nothing  to  the 
welfare  of  the  people  or  the  permanent  economic  wealth  of  the  country. 
Until  these  facts  have  been  brought  home  to  the  Latin-American  republics 
and  more  liberal  legislation  is  enacted  by  them,  the  development  of  their 
petroleum  resources  must  come  slowly. 
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Petroleum  Reserves  of  the  West  Indies 

By  Arthur  H.  Redfield,*  Washington,  D.  C. 

(New  York  Meeting,  February,  1922) 

The  West  Indies  are  the  summits  of  a  submerged  mountain  chain, 
the  continuation  of  which  must  be  sought  in  the  mountains  of  central 
Honduras.  In  Haiti,  the  chain  divides,  one  branch  passing  through 
Jamaica  and  the  other  through  Cuba,  the  Cayman  Islands,  and  the 
Misteriosa  bank. 

Suess  divides  the  West  Indies  into  three  zones:  The  first  zone  is 
entirely  of  volcanic  origin  and  includes  many  recent  volcanic  cones. 
It  includes  the  arcuate  string  of  islands,  which  extends  from  Saba  and  St. 
Kitts  to  the  Grenadines  and  Grenada.  The  western  half  of  Guadeloupe 
belongs  to  this  group.  The  second  zone  consists  of  a  geanticline,  of 
which  the  sedimentary  rocks  range  from  the  Jurassic  to  the  Quaternary, 
but  consist  chiefly  of  Lower  Tertiary  sediments.  In  the  west  it  is  broad, 
including  the  whole  of  the  Greater  Antilles;  but  in  the  east  it  is  restricted 
to  a  narrow  belt,  which  includes  the  Virgin  Islands  (except  Anegada), 
Anguilla,  St.  Bartholomew,  Antigua,  the  eastern  part  of  Guadeloupe  and 
part  of  Barbados.  The  islands  that  compose  the  third  zone  are  flat  and 
low.  Like  the  second,  this  zone  is  broad  in  the  west  and  narrow  in  the 
east;  it  includes  the  Bahamas,  Anegada,  Sombrero,  Barbuda,  and  part 
of  Barbados.  Geologically,  Florida  and  the  plain  of  Yucatan  may  be 
regarded  as  belonging  to  it. 

Trinidad  and  Tobago,  though  geographically  adjacent  to  the  Lesser 
Antilles,  are  geologically  a  detached  part  of  the  South  American  conti- 
nent. The  crystalline  complexes  of  northern  Trinidad  and  of  Barbados 
are  a  continuation,  en  echelon,  of  the  crystalline  axis  of  the  promontory 
of  Paria.  The  folded  Cretaceous  and  Tertiary  of  the  central  and 
southern  parts  of  Trinidad  represent  a  continuation  of  the  folded  sedi- 
ments of  the  Paria  district  of  Venezuela. 

Possible  Oil-bearing  Areas 

The  volcanic  islands  of  the  inner  arc  of  the  Lesser  Antilles  may  be 
excluded  from   consideration;   these  include  Saba,   St.   Kitts,   Nevis, 

*  Published  by  permission  of  the  Director,  U.  S.  Geological  Survey. 
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Redonda,  Montserrat,  the  western  half  of  Guadeloupe,  Dominica, 
Martinique,  St.  Lucia,  St.  Vincent,  the  Grenadines,  and  Grenada.  The 
low-lying  islands  of  the  outer  arc  may  likewise  be  excluded  because  of 
their  structure.  They  are  composed  essentially  of  flat-lying  Upper 
Tertiary  beds  in  which  there  are  no  indications  of  the  presence  of  oil. 
To  this  group  belong  the  Bahamas,  Anegada,  Sombrero,  and  Barbuda. 

The  prospective  oil  fields  of  the  West  Indies  lie  in  the  second  or 
Great  Antillean  arc.  The  structure  of  these  islands  is  generally  anticlinal, 
though  modified  by  faulting  and  igneous  intrusion.  Of  the  islands  of 
this  group  Cuba,  Haiti-Santo  Domingo,  and  Barbados  offer  the  greatest 
promise  of  oil  reserves. 

The  structure  of  Porto  Rico  is  not  favorable  for  oil.  A  broad  zone  of 
the  crystalline  complex  occupies  the  center  of  the  island;  Tertiary  and 
Quaternary  sediments  occupy  coastal  areas  of  relatively  minor  extent. 
The  structure  of  Jamaica  is  likewise  unpromising.  Folded  Cretaceous 
sediments  form  the  nucleus  of  the  Blue  Mountains,  which  extend  in  the 
eastern  end  of  the  island  in  a  northwest-southeast  direction  parallel  to 
the  northeast  coast.  Similar  folded  Cretaceous  rocks  occur  in  the  center 
of  the  island  in  the  Clarendon  and  Jerusalem  ranges.  These  mountain 
ranges  are  surrounded  by  a  dissected  plateau  of  more  or  less  horizontal 
Oligocene  limestones,  which  cover  four-fifths  of  the  island.  Both  the 
folded  Cretaceous  of  the  mountain  ranges  and  the  horizontal  Ohgocene 
limestones  are  intruded  over  a  large  part  of  the  island  by  late  igneous 
rocks.     These  have  produced  considerable  alteration  in  the  sediments. 


Cuba 

The  oldest  rocks  known  on  the  island  of  Cuba  are  a  complex  of 
serpentines,  granites,  slates,  and  schists,  unless  we  except  two  exposures 
of  limestones  of  doubtful  Paleozoic  age,  north  of  Trinidad,  one  in  the 
province  of  Santa  Clara  and  the  other  near  the  north  coast  of  the  island, 
crossing  the  border  between  Camaguey  and  Santiago  Provinces.  On 
this  crystalline  complex,  which  extends  through  the  center  of  the  island 
along  its  major  axis,  rest  the  later  sediments.  Jurassic  limestones  and 
altered  shales  form  the  crests  of  the  Sierra  de  los  Organos  and  the  Sierra 
del  Rosario  in  the  province  of  Pinar  del  Rio;  this  is  the  only  exposure  of 
sediments  of  early  Mesozoic  age  in  the  West  Indies. 

Cretaceous  sediments  overlying  the  Jurassic  are  exposed  in  the  foot 
hills  of  the  Sierra  del  Rosario,  in  Pinar  del  Rio.  They  occur  in  the  prov- 
ince of  Habana,  and  extensive  areas  are  in  the  province  of  Matanzas. 
Cretaceous  formations  crop  out  about  Cienfuegos  and  along  the  southwest 
coast  of  Oriente  Province.  The  Tertiary  sediments  occur  in  longitudinal 
zones  of  varying  width  on  both  sides  of  the  central  mountain  range,  and 
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along  the  south  coast  of  the  province  of  Oriente.  Quaternary  sediments 
form  coastal  plains  at  intervals  around  the  island. 

The  general  structure  of  Cuba  is  geanticlinal.  The  older  rocks,  both 
sedimentary  and  igneous,  crop  out  in  a  general  way  along  the  axis  of  the 
island;  and  the  3''ounger  formations  are  exposed  in  irregular  zones  on  both 
sides  of  this  axis.  The  geanticline  is  asymmetric;  the  slopes  are  broader 
and  the  dips  gentler  on  the  southern  than  on  the  northern  side  of  the 
mountain  axis.  The  basement  complex  and  the  Jurassic  rocks  are,  in 
general,  intensely  folded.  The  Cretaceous  and  later  sediments,  which 
overlie  the  basement  complex,  have  as  a  rule  comparatively  low  dips. 
Both  the  Cretaceous  and  the  older  rocks  are  intruded  by  igneous  rocks. 
Subordinate  folds  occur  away  from  the  central  axis;  these  follow,  in 
general,  the  trend  of  the  island. 

Asphalt  seeps  and  veins  or  oil  and  gas  seeps  have  been  reported  from 
every  province  in  Cuba.  They  are  most  common  on  the  north  coast, 
especially  in  a  zone  about  20  mi.  (32  km.)  wide,  between  Esperanza  and 
the  boundary  of  Santa  Clara  Province,  and  475  mi.  (764  km.)  long. 
Most  of  the  oil  or  asphalt  seepages  occur  in  fractured  serpentine. 
DeGolyer  believes  the  oil  was  derived  from  the  Jurassic  limestone  or 
other  sedimentary  rocks;  that  the  igneous  rocks  from  which  the  ser- 
pentines were  derived  were  intruded  for  the  most  part  into  Cretaceous 
rocks  that  overlie  the  Jurassic;  and  that  the  seepages  found  in  the  serpen- 
tine originate  in  the  underljang  sediments  or  in  patches  of  sedimentary 
rocks  caught  up  in  the  serpentine.  It  is  believed  by  others,  however,  that 
the  Cretaceous  beds  are  unconformable  with  some  of  the  serpentine 
bodies  and  that  the  oil  has  accumulated  near  the  unconformity. 

Obviously,  no  serious  attempt  can  be  made  to  estimate  the  unmined 
petroleum  reserves  of  Cuba  until  the  geologic  questions  as  to  its  origin 
and  mode  of  occurrence  are  settled.  No  well  drilled  to  date  has  passed 
through  the  serpentine,  in  which  the  seepages  occur,  so  that  the  underly- 
ing structure  is  a  matter  of  conjecture.  Without  more  exact  knowledge 
of  the  geologic  occurrence  of  the  oil,  we  cannot  estimate  even  the  extent 
of  the  probable  oil-bearing  formations.  DeGolyer  believes  that  oil  still 
remains  in  the  island,  but  that  the  prospects  of  developing  a  great  oil 
field  are  not  good,  and  that  the  hazards  of  prospecting  are  more  than 
the  average. 

Haiti-Santo  Domingo 

The  axis  of  the  main  range  of  the  island,  known  as  the  Gran  Cordillera 
or  Cordillera  Central  in  Santo  Domingo  and  as  the  North  Range  in 
Haiti,  is  composed  of  a  complex  group  of  schists,  serpentines,  intrusive 
and  extrusive  igneous  rocks,  tuffs,  and  more  or  less  altered  sediments. 
This  complex  was  mapped  by  Bailey  Willis  as  Paleozoic,  but  a  part  of  it 
is  now  considered  to  be  no  older  than  the  Cretaceous;  many  of  the  intru- 


ARTHUR   H.    REDFIELD  1085 

sive  rocks  are  of  Tertiary  age.  The  crystalline  complex  makes  up  a 
large  part  of  the  Samand,  Peninsula;  it  crops  out  at  Cabo  Frances  Viejo. 

Undifferentiated  Cretaceous  and  Eocene  sediments,  principally 
limestones,  form  the  Sierra  de  Neiba  of  Santo  Domingo  and  its  westward 
continuation,  the  Central  Range,  or  Chaine  des  Mateux  of  Haiti.  The 
diagonal  range  of  the  Montagues  Noires  and  the  south  slopes  of  the  North 
Range  of  Haiti  consists  of  these  limestones.  The  lower  slopes  of  the 
Sierra  de  Bahoruco  in  the  province  of  Barahona  are  composed  of  Cretace- 
ous and  Eocene  sediments;  the  South  Range  of  Haiti  is  a  continuation 
of  this  sierra. 

Oligocene  limestones  and  conglomerates  appear  on  the  north  slope  of 
the  Cordillera  Central  of  Santo  Domingo  and  in  Pacificador  Province  on 
the  south  slope  of  the  Cordillera  Septentrional. 

Miocene  sediments  fill  the  Yaqui  Valley  of  northern  Santo  Domingo; 
they  crop  out  on  the  north  slope  of  the  Cordillera  Central  and  on  the 
Samana  Peninsula  and  are  exposed  on  the  north  and  west  margins  of  the 
geosynclinal  Plain  of  Azua  and  in  the  valley  of  Rio  Yaqui  del  Sur.  In 
Haiti,  the  Miocene  series  underlies  the  Central  Plain  and  another  area  is 
south  of  Mirebalais;  it  probably  underUes  much  of  the  lower  valley  of 
Riviere  Artibonite. 

The  Pliocene  is  represented  in  Santo  Domingo  by  the  Las  Matas 
formation,  which  is  exposed  at  the  village  of  that  name  in  the  San  Juan 
valley,  province  of  Azua.  In  Haiti,  the  Hinche  formation  of  Pliocene 
age  covers  large  areas  in  the  northern  part  of  the  Central  Plain. 

Recent  alluvium  forms  the  surface  deposits  of  the  broad  river  valleys 
and  the  coastal  plain  of  southeastern  Santo  Domingo,  as  well  as  numerous 
small  coastal  areas.  In  Haiti  pre-Tertiary  syenites  and  granites  occupy 
large  areas  or  belts  more  or  less  parallel  with  the  axis  of  the  North  Range. 
Intrusions  of  quartz-diorite  occur  north  and  northwest  of  Gonaives. 

Late  basaltic  lavas  form  the  crest  of  the  Sierra  de  Bahoruco  in 
Barahona  Province;  they  crop  out  on  the  south  slope  of  the  Cordillera 
Central  in  Azua  Province.  In  Haiti,  andesite  dikes  cut  the  quartz- 
diorite  intrusions  in  the  region  north  and  northwest  of  Gonaives. 

The  general  structure  is  geanticlinal.  The  oldest  rocks  are  exposed 
in  a  broad  strip  through  the  center  of  the  island,  with  the  younger  rocks 
flanking  each  side.  The  geanticline  is  modified  by  many  flexures  and 
faults.  Except  in  the  area  of  the  basal  complex,  where  folding  has  been 
intense,  faulting  has  been  the  dominant  element.  The  three  longitudinal 
valleys  that  cross  the  island — Cibao  Valley,  Vallee  Centrale-San  Juan- 
Azua  depression,  and  Cul  de  Sac-Enriquillo  basin — are  of  Miocene  and 
younger  sediments,  partly  at  least  outlined  by  faults.  The  mountain 
ridges  that  separate  these  grabens  are  hard,  older  formations. 

The  diastrophic  movements  have  occurred  during  several  geologic 
periods.     The  intense  folding  and  shearing  of  the  basal  complex  took 
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place  in  pre-Eocene  times;  movements  of  less  intensity  occurred  through- 
out the  Oligocene.  Considerable  igneous  activity  took  place  before  the 
middle  of  the  epoch.  The  Ohgocene  earth  movements  were  evidently 
complex,  and  at  the  close  of  the  epoch  further  diastrophism  occurred. 
No  evidence  of  igneous  activity  in  Miocene  times  is  at  hand.  The  latest 
Miocene  deposits  show  faulting  and  vertical  tilting. 

The  post-Miocene  movements  were  accompanied  by  pronounced 
faulting  and  folding;  the  Cordillera  Central  was  raised  to  a  greater  height 
than  it  now  has  and  the  Cordillera  Septentrional,  a  block  of  Oligocene  and 
older  sediments,  was  lifted  up.  Structural  deformation  took  place  in 
the  Miocene  strata  of  Cibao  Valley  and  still  more  intensely  in  the  south; 
the  great  structural  valleys  of  the  island  were  probably  produced  during 
Pliocene  time.  The  events  of  late  Pliocene  time  include  mild  folding, 
repeated  elevation  and  depression,  and  vulcanism. 

The  most  promising  area  in  Haiti  and  Santo  Domingo,  from  the 
standpoint  of  petroleum  production,  is  the  central  structural  depression 
of  the  island.  This  includes  the  Central  Plain  of  Haiti,  and  the  Valley 
of  San  Juan  and  the  Azua  Plain  of  the  Dominican  Republic.  This 
depression  is  a  geosyncline,  modified  by  secondary  synclinal  and  anti- 
clinal folds.  The  axis  of  the  geosyncline  and  its  secondary  folds  is  north- 
west-southeast, parallel  to  the  structural  trend  of  the  mountains  that 
enclose  it.  In  Santo  Domingo,  the  synclinal  basin  is  partly  outlined  on 
the  north  by  a  fault. 

The  oil-bearing  horizon  in  the  Azua  Plain  is  a  Miocene  series  of  con- 
glomerate, coarse  sandstone  and  sandy  shale.  In  Haiti,  the  most 
promising  formation  is  considered  to  be  the  Thomonde  formation  (Lower 
Miocene)  of  shales,  sandstones,  conglomerates,  and  limestones.  There 
are  well-authenticated  reports  of  seepages  in  the  Miocene  beds  of  the  Azua 
Plain.  Reports  of  seepages  in  the  Thomonde  formation  of  Haiti  have 
not  been  confirmed.  The  area  of  the  Central  Plain  of  Haiti  is  about 
850  sq.  mi.;  of  the  Valley  of  San  Juan,  1050  sq.  mi.;  and  of  the  Plain  of 
Azua,  1350  sq.  mi. 

The  minor  folds  with  which  the  geosyncUnal  Central  Plain  of  Haiti 
is  modified  include  a  marked  anticlinal  dome,  a  compound  anticline  upon 
which  three  minor  asjTnmetric  anticHnes  are  superimposed,  and  a 
plunging  asymmetric  anticline.  The  San  Juan  Valley  is  so  largely 
covered  with  Pliocene  gravel  that  the  folded  beds  beneath  can  be  studied 
at  only  a  few  places.  The  section  exposed  along  Rio  Yaqui  del  Sur,  near 
the  east  end  of  the  valley,  shows  almost  entirely  coarse  sandy  materials 
that  offer  no  promise  of  containing  petroleum.  In  the  Azua  Plain,  the 
presence  of  an  elongated  dome,  which  trends  nearly  north-south,  is 
suggested  near  Higuerito.  To  the  southeast  the  beds  are  greatly  crumpled 
and  faulted.  West  of  Higuerito  details  of  the  structure  are  not  satis- 
factorily known. 


J 


ARTHUR    H.    REDFIELD  1087 

In  general,  too  little  is  known  of  the  detailed  structure  of  the  central 
depression  of  the  island  to  hazard  a  quantitative  estimate  of  the  petroleum 
it  contains.  Apparently  favorable  structures  occur  in  the  Haitian  end  of 
the  depression.  In  Santo  Domingo,  the  petroliferous  character  of  the 
formations  is  attested  by  seepages  and  by  a  short-hved  production 
obtained  by  the  drill.  This  area,  of  all  the  prospective  West  Indian 
oil  fields,  appears  to  be  the  most  deserving  of  examination  by  the  geologist. 

Barbados 

Six-sevenths  of  the  island  of  Barbados  is  occupied  by  coral  limestones, 
which  apparently  at  one  time  capped  the  whole  island.  The  denudation 
of  these  limestones  in  the  east  has  exposed  the  Scotland  series  (Lower 
Tertiary?)  of  sandstones  and  shales.  These  are  overlain  unconformably 
by  about  300  ft.  (90  m.)  of  the  Oceanic  series  (Miocene)  earths  and  clay 
deposits.  The  Scotland  series  forms  the  core  of  the  island.  It  is  closely 
folded  into  a  series  of  anticlines  and  synclines  striking  mostly  east- 
northeast  by  west-southwest.  The  folds  in  some  places  are  overturned 
for  short  distances  and  are  broken  by  numerous  faults,  some  of  which 
are  vertical  while  some  dip  13°  to  15°.  The  Oceanic  series  (Miocene) 
rests  unconformably  on  the  eroded  and  upturned  edges  of  the  Scotland 
and,  in  turn,  is  unconformably  overlain  by  the  Pliocene  (?)  or  Pleistocene 
coral  limestone  which  caps  the  island. 

The  structure  of  Barbados  is  complicated  and  the  details  are  little 
known.  The  strata  of  the  Scotland  series  are  closely  folded,  considerably 
faulted,  and  much  shattered.  The  area  of  Barbados  is  only  166  sq.  mi., 
and  the  horizontal  cover  of  limestones  makes  it  impossible  to  ascertain 
how  much  of  this  hmited  area  is  underlain  by  the  Scotland  series.  In 
view  of  all  these  circumstances,  the  petroleum  reserves  of  Barbados  may 
be  considered  to  be  insignificant  in  relation  to  the  world  situation. 

Summary 

The  West  Indies  (exclusive  of  Trinidad  and  Tobago)  do  not  constitute 
a  promising  area  of  oil  reserves.  Most  of  the  islands  present  unfavorable 
structures  or  composition.  The  smaller  islands,  with  the  exception  of 
Barbados,  are  composed  of  late  eruptive  rocks  or  of  flat-lying  Upper 
Tertiary  sediments.  Of  the  Greater  Antilles,  only  Cuba  and  Haiti-Santo 
Domingo  appear  to  have  the  proper  geologic  structure  for  the  accumula- 
tion of  commercial  pools  of  oil. 

Any  attempt  at  a  quantitative  estimate  is  futile.  On  the  basis  of  the 
known  data,  however,  the  total  unmined  reserves  of  the  West  Indies  are 
small  in  comparison  with  those  of  any  one  of  the  oil  districts  of  the 
United  States. 
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DISCUSSION 

W.  D.  Noble,  San  Juan,  Porto  Rico  (written  discussion). — Contrary 
to  the  author,  the  writer  beheves  that  there  are  oil  reserves  in  the  north- 
ern and  southeastern  parts  of  Porto  Rico. 

Some  geologists  say  that  the  West  Indies  belong  to  the  northern 
Yucatan  range,  not  to  the  Honduras.  The  writer  thinks  that  Jamaica 
belongs  to  the  Honduras  chain  but  that  Cuba,  Santo  Domingo,  Porto 
Rico,  etc.,  AS  far  as  Antigua,  belong  to  the  Mexican  range.  The  same 
geologic  formation  is  found  in  Cuba,  Santo  Domingo,  and  Porto  Rico — 
the  central  axes  of  the  three  islands  differ  but  slightly  and  in  northern 
Cuba  and  Porto  Rico  the  same  formation  (Jurassic  limestone  and  altered 
shales)  is  found. 

Although  no  serious  attempt  has  been  made  by  geologists  to  drill 
wells  in  Porto  Rico,  having  studied  the  island  for  many  years,  the  writer 
believes  that  the  question  of  oil  reserves  in  Porto  Rico  should  be  thor- 
oughly investigated.  The  island  lies  directly  north  of  the  oil-bearing 
fields  of  Venezuela;  while  directly  west  are  the  Azua  Plain  of  Santo 
Domingo  and  the  Mexican  oil  fields.  From  the  Bayamon  district  to  5 
mi.  southwest  of  Lares,  from  6  to  10  mi.  from  the  coast,  there  lies  a  belt 
of  verj'-  probable  oil-bearing  formation  5  or  6  mi.  wide  and  approximately 
40  mi.  long. 

Porto  Rico,  during  the  Oligocene  period,  experienced  a  great  deal 
of  folding,  intrusions,  and  faultings  and  afterwards  a  great  deal  of  sedi- 
mentation occurred  through  erosion,  forming  the  plains  around  the  island 
today.  The  Cretaceous  deposits  on  the  northern  coast  rest  on  the  older 
rock  formation,  and  subsequently  sank  or  were  depressed,  forming  a  deep 
ravine  or  gully  where  no  doubt  the  probable  oil-bearing  belt  of  Porto 
Rico  is  located. 

Arthur  H.  Redfield  (author's  reply  to  discussion.*) — The  Antillean 
chain  of  submarine  mountains  is  related,  as  Mr.  Noble  suggests,  but  not 
directly,  to  the  structure  of  Yucatan  as  well  as  of  Honduras.  In  the 
island  of  Haiti,  the  principal  Great  Antillean  axis  branches  into  two  dis- 
tinct arcs.  One  extends  along  the  southern  peninsula  of  Haiti  through 
Jamaica  and  is  connected  through  numerous  banks  and  keys  with  the 
mountains  of  northern  Honduras.  The  other  axis  extends  through  the 
northern  peninsula  of  Haiti  to  southeastern  Cuba  where  a  second  virga- 
tion  occurs.  One  axis  is  represented  by  the  Sierra  Maestra  and  the  Cay- 
man Islands;  the  other  extends  longitudinally  through  Cuba,  and  is 
paralleled  by  the  Yucatan  Bank  and  by  the  slightly  deformed  Tertiary 
strata  of  northern  Yucatan,     The  axial  trends  of  Cuba  and  Yucatan, 


*  Published  by  permission  of  the  Director,  U.  S.  Geological  Survey. 
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according  to  Vaughan,^  are  not  coincident  but  are  separated  by  a  struc- 
tural trough,  the  Yucatan  Channel. 

The  structure  of  Porto  Rico,  like  that  of  Cuba  and  Haiti,  is  geanti- 
clinal.  Its  central  range  is  formed  by  an  older  series,  composed  of  pre- 
Tertiary  igneous  rocks,  both  extrusive  and  intrusive,  both  fragmental 
and  massive;  and  of  Cretaceous  and  perhaps  Eocene  (?)  shales,  conglom- 
erates, and  limestones,  which  are  steeply  tilted,  closely  folded,  and 
considerably  faulted  and  intruded.  On  the  north  side  of  the  island,  a 
younger  series  of  Tertiary  (chiefly  Oligocene  and  Miocene)  limestones  and 
calcareous  shales  is  exposed  in  a  zone  6  to  15  mi.  wide.  These  younger 
sedimentary  rocks  rest  unconformably  on  the  central  complex.  A 
Quaternary  dune-sand  formation  fringes  the  coast.  Along  the  south 
coast,  a  zone  of  similar  Tertiary  formations  is  faulted  down  in  places 
against  the  central  complex  and  elsewhere  rests  upon  it  in  marked  uncon- 
formity. The  Tertiary  zone  extends,  3  to  9  mi.  in  width,  from  Puerto 
Salinas  de  Coamo  to  and  including  the  Guanica  Peninsula. 

The  younger  series  is  represented  on  the  north  side  of  the  island  by 
the  dark  Hgnitic  San  Sebastian,  Lares,  or  Collazo  shales  (middle  Oligo- 
cene). The  San  Sebastian  shales  are  succeeded  by  the  Lares  Umestone 
(upper  Oligocene),  the  Aguadilla  limestone  (upper  Oligocene),  and  the 
Quebradillas  limestone  (Miocene) .  These  strata  are  comparatively  little 
disturbed;  their  greatest  dip  does  not  exceed  10°;  and  no  definite  indica- 
tions of  folding  or  warping  within  the  formation  have  been  discovered. 
In  the  southern  part  of  the  island,  the  younger  series  is  represented  by 
the  sandy  Juana  Diaz  shales  and  marls  (middle  OUgocene),  the  Guanica 
shaly  hmestone  (middle  Oligocene),  and  the  Ponce  beds  (Miocene)  of 
chalky  limestone.  In  the  interior,  the  beds  of  the  younger  series  are 
highly  tilted,  locally  showing  dips  as  high  as  30°  to  36°.  Toward  the 
coast,  the  dips  are  successively  less,  approaching  zero.  Locally,  gentle 
folds  occur.  In  many  places  the  strata  have  collapsed,  through  the 
development  of  sink-holes  in  the  limestones. 

The  rocks  of  the  older  series  may  be  eliminated  from  consideration, 
as  they  have  been  intensely  folded,  considerably  intruded,  and  much 
eroded.  The  oil-bearing  possibilities  of  Porto  Rico  may  therefore  be 
assumed  to  be  restricted  to  the  areas  of  the  younger  series. 

Neither  in  structure  nor  in  hthologic  character  do  the  younger  series 
of  the  northern  coast  offer  great  promise  of  oil  reserves.  In  the  younger 
series  of  the  southwestern  coastal  plain  a  few  gentle  folds  occur.  No 
evidence  has  been  adduced,  however,  to  show  that  these  structures  are 
petroliferous.  Reports  of  seepages  and  other  indications  of  petroleum 
have  not  been  authenticated. 

*  T.  W.  Vaughan:  Biologic  Character  and  Geologic  Correlation  of  Sedimentary 
Formations  of  Panama  in  their  Relation  to  Geologic  History  of  Central  America 
and  the  West  Indies.    U.  S.  National  Museum,  Bull.  103  (1919),  601. 
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The  formation  extending  from  the  Bayamon  district  westward  to 
the  vicinity  of  Lares,  that  has  been  said  to  be  probably  oil-bearing,  is  prob- 
ably the  San  Sebastian  shales,  which  are  middle  Ohgocene;  these  consist 
of  thin-bedded  reddish  clays  and  sands  containing  lignitic  beds.  No 
evidence  is  at  hand  to  show  that  they  are  petroliferous.  The  known 
Cretaceous  sedimentary  rocks  are  included  in  the  area  of  the  older  series 
and  are  too  disturbed  and  intruded  to  be  a  likely  area  for  oil  production. 

Although  Porto  Rico  lies  more  or  less  northeast  of  the  Maracaibo 
oil  fields  of  Venezuela  and  north-northwest  of  the  Paria  oil  fields,  the 
geographic  relation  alone  has  no  especial  significance.  The  prevailing 
strike  of  the  minor  folds  in  the  Alaracaibo  structural  basin,  according  to 
Sievers'  map,-  is  about  N  61°  E;  and  the  continuation  of  this  structural 
basin  must  be  sought,  according  to  the  same  author,  ^  beyond  the  Pen- 
insula of  Paraguana  in  the  gulf  Ijang  between  the  Leeward  Islands  and 
the  Venezuelan  mainland.  In  the  Paria  region,  the  antichnes  strike 
about  N  75°  E,  and  are  continued  beyond  the  GuK  of  Paria  in  the  anti- 
clines of  Trinidad. 

A  closer  analogy  appears  to  exist  between  the  younger  series  of  south- 
ern Porto  Rico  and  the  Vallee  Centrale-San  Juan-Azua  depression  of  the 
island  of  Haiti,  In  both  places.  Tertiary  sediments  have  been  apparenth' 
faulted  down  against  the  older  central  complex,  and  wrinkled  by  minor 
folds.  In  Porto  Rico,  however,  the  folding  appears  to  have  been  sHght. 
A  similar  analogy  may  probably  be  drawn  between  the  northern  zone 
of  the  younger  series  in  Porto  Rico  and  the  Cibao  Valley  of  the  Dominican 
RepubHc.  But  the  Cibao  Valley  is  monochnal  in  its  western  end  and 
broadly  syncHnal  in  its  eastern  end,  and  broken  by  numerous  faults; 
the  younger  series  of  the  north  coast  of  Porto  Rico  slopes  gently  toward 
the  ocean.  No  structure  favorable  to  the  accumulation  of  commercial 
pools  of  petroleum  has  yet  been  recognized  in  either  area. 

There  is  no  warrant,  however,  for  inferring  anj^  structural  continuity 
between  the  Mexican  oil  fields  and  the  coastal  sedimentary  zones  of 
Porto  Rico.  The  tectonic  fines  of  the  northern  IVIexican  oil  fields  trend 
generally  north-southward  from  Ebano  and  Topila  to  Alamo,  and  have 
no  connection  with  those  of  the  Greater  Antilles,  which  trend  almost  at 
right  angles  to  them.  The  structural  lines  of  the  Tehuantepec-Tabasco 
fields,  though  parallel  in  trend  to  those  of  the  Greater  Antilles,  belong 
to  a  distinct  system. 

2  W.  Sievers:  Zur  physikalischen  Geographie  von  Venezuela:  "Petermann's 
Geog.  MitteUungen;'  42,  125-129,  149-155,  197-201.     Gotha,  1896. 

*  W.  Sievers:  Die  Sierra  Nevada  de  Santa  Marta  und  die  Sierra  de  Perija:  Zeits. 
Ges.  Erdkunde  (1888)  23,  65ff. 
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Possible  Petroleum  Reserves  of  Philippine  Islands 

By  Wallace  E.  Pratt,  Houston,  Texas 

(New  York  Meeting,  February,  1922) 

The  Philippine  Islands  have  produced  no  oil  commerciall}^;  neverthe- 
less, oil  is  known  to  be  present  at  various  places  in  the  islands.^  Although 
all  attempts  to  produce  oil  commercially  have  failed,  no  intelligent, 
persistent  exploration  has  been  carried  out.  The  Richmond  Petroleum 
Corpn.  (a  subsidiary  of  the  Standard  Oil  Co.  of  California)  and  a  syndicate 
headed  by  Ralph  Arnold  are  at  present  engaged  in  exploring  Bondoc  Pen- 
insula in  Tayabas  Province,  one  of  the  promising  Philippine  areas,  in  a 
manner  that  promises  to  test  the  petroleum  possibilities  adequately  and 
intelligently. 

How  can  the  petroleum  resources  of  an  entirely  undeveloped  area 
like  the  Philippines  be  estimated,  where  not  even  the  areal  extent  of  the 
various  geologic  formations  is  known?  Obviously  no  calculated  figure 
for  assured  future  production  can  be  derived.  Yet  a  study  of  the  evi- 
dence of  the  occurrence  of  petroleum,  the  character  of  the  possible  reser- 
voir beds,  the  probable  source  rocks,  the  character  and  size  of  favorable 
structures,  and  the  area  over  which  petroleum-bearing  rocks  are  known 
to  occur,  will  throw  some  light  on  the  question.  The  fact  that  rocks  of 
the  same  geologic  age  and  similar  composition  have  been  explored  and 
are  producing  in  Borneo,  Sumatra,  and  Java  to  the  south  and  in  Formosa 
and  Japan  to  the  north  also  affect  the  problem,  so  that  one  can  obtain 
some  idea  of  the  quantity  of  petroleum  that  may  reasonably  be  expected 
from  the  Philippines.  It  is  this  measure  of  the  possibilities  rather  than  a 
definite  calculation  of  petroleum  reserves  that  is  presented  herewith. 

This  paper  will  not  attempt  to  describe,  nor  even  to  enumerate  in 
detail,  the  occurrences  of  petroleum  in  the  Phihppines,  as  such  data 
have   already   been   published.     Fig.    1   indicates   the   localities  where 

1  For  discussion  of  the  petroleum  geology  and  description  of  the  natural  occur- 
rences of  petroleum  see:  Wallace  E.  Pratt  and  Warren  D.  Smith:  Geology  and  Petro- 
leum Resources  of  Southern  Part  of  Bondoc  Peninsula,  Tayabas  Province,  Phihppines, 
Phil.  Jnl.  ScL,  Bur.  Sci.,  Manila  (1913),  Sec.  A.,  5,  301-376;  Wallace  E.  Pratt:  Occur- 
rence of  Petroleum  in  Cebu,  Idem.  (1915)  Sec.  A,  4;  Wallace  E.  Pratt:  Petroleum 
and  Residual  Hydrocarbons  in  Leyte,  Idem.  (1915)  Sec.  A,  4;  Wallace  E.  Pratt: 
Occurrence  of  Petroleum  in  Phihppines,  Econ.Geol.  (1918)  11,  246;  Warren  A.  Smith: 
Petroleum  in  the  Phihppines,  Trans.  (1921)  65,  47. 
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Fig.  1. — Petroleum-producing  regions  of  Philippine  islands. 


WALLACE  E.    PRATT 


1093 


there  are  known  evidences  of  petroleum,  and  Fig.  2  shows  the  geographical 
relation  of  the  Philippines  to  the  nearest  petroleum-producing  areas. 

The  Philippine  Archipelago  comprises  about  3000  islands  with  an 
aggregate  area  of  115,000  sq.  mi.,  90  per  cent,  of  which  is  included  in  the 


Fig.  2. — Relative  position  op  Philippine  islands  to  japan,  borneo,  etc. 


ten  larger  islands:  Luzon,  Mindanao,  Mindoro,  Samar,  Leyte,  Masbate, 
Cebu,  Negros,  Panay,  and  Palawan.  The  Philippines  lie  about  800  mi. 
(1290  km.)  off  the  eastern  coast  of  China  and,  together  with  the  geologic- 
ally related  Japanese  islands  to  the  north  and  the  Dutch  East  Indies 
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to  the  south,  mark  the  cxtreino  easteiu  iiiargiu  of  the  Asiatic  continental 
area.  Immediately  eastward,  and  just  off  the  continental  shelf,  are  the 
greatest  depths  of  the  Pacific  Ocean,  but  between  the  islands  and  the 
mainland  the  sea  is  shallow. 

On  all  the  larger  Philippine  islands,  except  Palawan,  there  are  definite 
indications  of  the  presence  of  oil.  Luzon,  Leji:e,  Cebu,  Mindanao,  and 
Panaj'  have  oil  seepages.  On  Mindoro  and  Samar  inflammable  gas  is 
encountered,  and  on  Masbate  and  Xegros  there  are  the  same  Tertiary 
(IMiocene?)  shales  that  yield  oil  through  seepages  elsewhere,  and  which 
retain  here  their  petroliferous  character.  Probably  the  same  shales  are 
present  in  Palawan,  but  little  geologic  exploration  has  been  carried  out  on 
this  island.  The  petroliferous  shale  series  is  of  adequate  thickness,  3000 
ft.  (915  m.)  or  more,  and  of  suitable  character  to  supply  commercial 
quantities  of  petroleum.  Intercalated  with  the  shale  beds  are  sandstones, 
which  would  serve  as  reservoirs.  In  places,  the  geologic  structure  is 
known  to  be  favorable  for  the  accumulation  of  oil  in  these  sandstones. 
Seepages  in  regions  of  favorable  structure  indicate  that  accumulation  has 
taken  place.  Other  and  more  convincing  evidence,  perhaps,  is  found  in 
the  commercial  exploitation  of  petroleum  from  rocks  of  the  same  geologic 
age  and  similar  character  in  Formosa  and  Japan  to  the  north,  and  in 
Borneo,  Sumatra,  and  Java  to  the  south. 

The  popular  conception  of  the  Philippines  as  a  group  of  volcanic 
islands  obscures  the  fact  that  a  fair  proportion  of  their  area  consists 
of  sedimentary  rocks,  not  severelj^  broken  nor  folded  nor  otherwise 
impossible  as  retainers  of  petrolemn.  Luzon  and  Mindanao,  the  two 
conspicuously  large  islands  lying  at  either  end  of  the  group,  contain 
thousands  of  square  miles  of  sedimentary  rocks,  while  the  Yisayan  Islands, 
occupjang  a  central  position  in  the  archipelago,  are  even  more  largely 
of  sedimentary  origin.  Samar  with  an  area  of  from  5000  to  6000  sq.  mi. 
consists  almost  exclusivelj^  of  sedimentary  rocks.  Altogether  in  the 
Visayan  Islands  there  are  probably  12,000  sq.  mi.  of  fairly  fiat-lj-ing 
sedimentary  beds.  A  large  proportion,  perhaps  50  per  cent.,  of  the  sedi- 
mentary area  includes,  with  other  Tertiary  formations,  the  petroliferous 
shale  series  in  which  oil  seepages  occur.  Throughout  the  Philippines, 
these  oil-bearing  rocks  may  be  estimated  to  be  present  over  a  probable 
total  area  of  from  10,000  to  15,000  square  miles. 

The  area  over  which  actual  seepages  of  oil  are  known  is  much  less 
impressive.  On  Bondoc  Peninsula,  in  Taj^abas  Province,  Luzon,  where 
there  are  a  half-dozen  good  seepages  of  light  oil,  the  showings  are 
scattered  over  about  300  sq.  mi.  In  the  northeastern  part  of  Lej^te,  in 
the  vicinity  of  Villaba,  there  are  oil  seepages  and  asphalt  (or  paraffine) 
beds  scattered  over  about  150  sq.  mi.  On  the  east  coast  of  Cebu 
are  two  seepages,  about  30  mi.  (48  km.)  apart,  but  it  is  doubtful  if  all 
the  intervening  area  is  similarly  petroliferous.     Other  isolated  seeps 
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occur  in  Mindanao  and  in  Panay.  On  the  whole  it  seems  fair  to  estimate 
the  known  area  of  petroleum-bearing  rocks  in  the  Philippines  at  500 
square  miles. 

The  300  sq.  mi.  of  known  petroleum-bearing  rocks  on  Bondoc  Penin- 
sula have  been  surveyed  in  a  reconnaissance  way  and  several  sharp 
anticlines  are  mapped,  along  which  the  largest  seepages  are  found.  Thus, 
a  half-dozen  small  sharp  anticlines  are  known  which  might  be  expected 
to  produce,  if  they  produce  at  all,  over  an  area  3^^  mile  wide  and  from  1 
to  3  miles  long.  If  it  is  assumed  that  one  such  field  develops  from  the 
six  known  anticlines,  a  productive  area  of  500  acres  might  fairly  be 
expected.  As,  probably,  there  will  be  several  productive  sands  in  the 
column,  an  ultimate  yield  of  10,000  bbl.  per  acre  reasonably  may  be 
allotted  to  this  area.  Thus  a  figure  of  5,000,000  bbl.  is  obtained  as  the 
probable  ultimate  production  of  the  300  sq.  mi.  of  oil-bearing  rocks  on 
Bondoc  Peninsula. 

The  remaining  200  sq.  mi.  of  known  oil-bearing  rocks  are  to  be  set 
down,  from  our  present  knowledge,  as  slightly  less  promising  than  an 
equal  area  on  Bondoc  Peninsula.  Therefore,  a  total  ultimate  probable 
production  of  7,500,000  bbl.  for  the  500  sq.  mi.  of  known  oil-bearing 
rocks  would  appear  a  reasonable  estimate. 

The  possibilities  of  the  probable  area  of  petroleum-bearing  rocks  in 
the  Philippines  must  be  estimated  even  less  closely  than  the  probabilities 
of  the  known  area  have  been.  Presumably,  it  will  be  conceded  that  the 
probable  area  promises  less  per  average  square  mile  than  does  the  known 
area,  but  it  is  difficult  to  make  a  logical  comparison  of  chances  in  the  two 
classes  of  territory.  For  the  purposes  of  this  paper,  the  probable  area  of 
petroleum-bearing  rocks  is  taken  as  15,000  sq.  mi.  and  to  this  area  is 
allotted  one-fifth  the  chance  per  average  square  mile  of  the  known  area 
of  petroleum-bearing  rocks.  This  fixes  the  possibilities  of  the  probable 
area  at  45,000,000  bbl.,  and  the  total  probable  and  possible  total  ultimate 
production  for  the  Philippine  Islands  becomes  52,500,000  barrels. 

Japan  (including  Formosa),  to  the  end  of  1920,  had  produced  about 
43,000,000  bbl.  of  oil  and  had  a  daily  average  production  of  about  5800 
bbl.  during  that  year.  Japan,  accordingly,  might  reasonably  be  expected 
to  yield  60,000,000  bbl.  of  oil  ultimately,  without  important  new  dis- 
coveries. The  Dutch  East  Indies  (Borneo,  Sumatra  and  Java)  had 
produced  more  than  221,000,000  bbl.  of  oil  at  the  end  of  1920;  and  in 
that  year  averaged  48,000  bbl.  daily.  The  ultimate  production  of 
these  islands,  without  important  new  discoveries,  ought  to  be 
350,000,000   barrels. 

These  figures  give  Japan  an  ultimate  recovery  of  345  bbl.  per  sq. 
mi.  of  total  area  and  the  Dutch  East  Indies  670  bbl.  per  sq.  mi.  of  total 
area.  If  the  Philippines,  lying  directly  between  these  two  producing 
areas  and  similar  to  both  of  them  in  geologic  constitution,  should  produce 
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a  volume  of  petroleum  per  square  mile  of  total  area  equivalent  to  their 
average  production  per  unit  area  (500  bbl.  per  sq.  mi.),  its  total  ultimate 
production  would  be  57,500,000  bbl.,  which  figure  checks  closely  with 
the  results  of  the  estimate  just  presented.  In  other  words,  if  the  total 
ultimate  production  of  the  Philippines  is,  as  estimated,  52,500,000  bbl., 
the  ultimate  production  per  square  mile  of  total  area  will  be  457  bbl.  as 
compared  with  500  bbl.  average  for  the  probable  total  ultimate  produc- 
tion per  square  mile  for  Japan  on  one  side  and  for  the  Dutch  East  Indies 
on  the  other  side  of  them. 

The  petroleum  reserves  of  the  Phihppines,  then,  are  estimated  at 
from  50,000,000  to  55,000,000  bbl.,  but  it  should  be  remembered  that 
these  figures  apply  to  a  region  that  has  never  produced  any  oil  com- 
mercially and  about  which  we  have  very  incomplete  data  and  that  they 
are  intended  to  represent  only  the  order  of  magnitude  of  the  petro- 
leum possibilities. 
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Petroleum  Resources  of  Japan 

By  J.  Morgan  Clements,  New  York,  N.  Y. 

(New  York  Meeting,  February,  1922) 

Petroleum  has  been  known  in  Japan  since  at  least  668  A.  D.,  for  a 
picture  shows  the  presentation,  during  that  year,  to  the  Emperor  Tenchi 
(Tenji)  of  "burning  water"  and  "burning  earth"  by  his  subjects  from 
Echigo  Province,  which  today  is  the  largest  producer  of  petroleum  in 
Japan.  The  burning  water  was  doubtless  petroleum  and  the  burning 
earth  either  bituminous  shale  or  oil-soaked  earth  or  rock  from  near  the 
oil  seepages. 

The  early  methods  of  getting  the  oil  were  simple  and  similar  to  methods 
used  today  in  Japan  and  in  China.  Where  the  seepages  occurred, 
trenches  or  shallow  wells  were  dug  along  the  seepages  and  allowed  to  fill 
with  oil,  which  was  then  bailed  out;  in  some  cases,  they  filled  with  oil 
and  water  and  overflowed.  During  the  300  years  following  1500  A.  D., 
the  use  of  petroleum  in  Echigo  Province  seems  to  have  increased  con- 
siderably, as  compared  with  earlier  centuries,  and  records  show  that 
in  1818  the  depth  of  the  wells  had  been  greatly  increased.  Doubtless, 
they  passed  through  the  seepages  and  tapped  the  shallow  oil-bearing 
strata;  probably  some  of  these  deeper  wells  were  dug  before  that  time. 

The  real  value  of  petroleum  was  not  recognized  until  early  in  the 
Meiji  era,  which  began  in  1868,  when  the  Japanese  learned  that  the 
kerosene  that  was  being  imported  was  derived  from  petroleum.  Guided 
solely  by  information  obtained  from  books,  they  refined  the  oil  and 
increased  the  depth  of  their  wells  in  order  to  increase  the  production. 
The  deepest  well,  dug  by  hand,  about  this  time  was  894  ft.^  (273  m.) 
and  by  1874  the  recorded  production  reached  3499  barrels. 

In  1876,  Benjamin  Smith  Lyman  prepared  geological  maps  of  the 
Echigo  oil  field,  which  were  the  first  of  such  geological  maps  made  in 
Japan,  and  based  on  these  a  more  enlightened  development  of  the  oil 
fields  began;  the  Japanese,  however,  still  dug  the  wells  by  hand.  Toward 
the  end  of  the  '80s,  an  American  well-drilling  outfit  was  secured,  but  the 
efforts  to  use  it  failed  from  lack  of  experience  by  the  operators.  In 
1888,  a  complete  well-drilling  outfit  was  purchased  and  American  oil-well 

1  J.  Morgan  Clements:  Petroleum  in  Japan.     Econ.  Geol.  (1918)  11,  612-523. 
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drillers  were  engaged  to  operate  it;  in  the  fall  of  1890,  the  drill  rig  was  set 
up  over  a  hand-dug  well  and  in  December  drilling  was  begun.  A  well 
1000  ft.  (305  m.)  deep  was  completed  in  1891  and  production  began  with 
45  bbl.  per  day  of  42°  Baume  oil.  Other  wells  were  rapidly  drilled,  a 
depth  of  1500  ft.  (457  m.)  being  reached,  and  one  small  gusher  was 
brought  in.  The  petroleum  industry  of  Japan  may  therefore  be  said  to 
date  from  1891,  when  it  was  placed  on  a  modern  basis. 

In  1912,  American  rotarj^  drills  were  introduced;  the  successful  use  of 
American  drilling  outfits  and  drillers  greatly  stimulated  the  industry  and 
led  to  the  employment  of  many  more.  Following  their  custom,  Japanese 
were  sent  to  the  United  States  to  study  the  petroleum  industry,  and 
returning  to  Japan  with  the  information  desired  they  began  the  manu- 
facture of  the  necessary  oil-drilling  machinery  and  refining  appliances, 
following  closely  the  American  prototypes,  so  that  today  everything  is 
produced  in  Japan,  except  the  casing,  in  sufficient  quantity  to  supply 
the  demand;  also  the  Japanese  have  trained  their  own  people  to  use  the 
machinery  and  refining  processes  so  that  they  no  longer  employ  our  men  or 
purchase  our  supplies.  But  while  American  types  of  drilling  machinery 
are  extensively  used,  the  primitive  hand-dug  well  methods  are  employed 
today  practically  alongside  rotary  drills. 

Oil  Districts 

There  are  five  j^roductive  oil  districts  in-  Japan  proper,  as  shown  in 
Fig.  1.  These  are  situated  in  the  provinces  of  Echigo  and  Shinano, 
Akita,  Totomi,  and  Hokkaido,  and  one  in  Formosa  (Taiwan);  in  each 
district  oil  has  been  produced  in  one  or  more  fields.  Other  fields  have 
been  tested  and  found  to  carry  oil,  but  in  such  small  quantities  that  the 
production  is  not  profitable  at  this  time.  Some  new  fields  may  be 
discovered  in  these  districts,  but  the  relatively  small  area  of  unproved 
ground  precludes  the  probability  that  any  large  fields  will  be  discovered. 
Of  a  total  daily  production  in  Japan  of  about  6000  bbl.,  the  oil  districts 
of  Totomi,  Shinano,  Hokkaido,  and  Formosa  (Taiwan)  produced  less 
than  100  bbl.  and  are  practically  negligible  from  the  point  of  view  of  present 
production,  Echigo  and  Akita  are  the  important  fields,  producing 
practically  99  per  cent,  of  all  the  Japanese  oil. 

The  oil  fields  of  Formosa  (Taiwan)  are  in  process  of  development,  a 
large  part  of  the  probable  oil  territory  being  reserved  for  the  Imperial 
Navy,  but  the  developments  thus  far  have  not  been  promising  for  a 
large  production. 

The  west  coast  of  the  southern  part  of  Sakhalin  (Japanese  Karafuto) 
has  oil  indications  but  no  promising  developments  have  been  made  thus 
far.  Excellent  oil  indications  have  been  reported  from  Tertiary  deposits 
in  the  Russian  part  of  Sakhalin  and  the  Japanese  Government  has  occu- 
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pied  the  territory  and  proceeded  with  the  development  of  the  oil  fields; 
but  from  the  meager  reports  filtering  through  it  is  now  known  that  these 
developments  so  far  have  not  been  successful.  Factors  operating  against 
their  success  have  been  the  difficulty  of  access  and  the  severity  of  the 
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Fig.  1. — Petroleum-producing  .\reas  op  japan. 

climate,  which  permits  the  Japanese  to  carry  on  their  active  prospecting 
for  only  about  3  months  in  the  year.  However,  the  failure  of  the  Japan- 
'ese  to  have  developed  commercially  productive  oil  fields  in  Russian 
SakhaUn,  or  even  their  failure  to  prove  their  existence,  should  not  be 
accepted  as  proof  that  such  oil  fields  do  not  exist. 

Geology  of  Oil  Fields 

Petroleum,  in  Japan,  is  associated  in  all  cases  with  Tertiary  deposits, 
though  every  area  in  Japan  underlain  by  Tertiary  deposits  has  not  been 
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found  to  carry  oil.  The  oil  fields  are  distributed  along  the  seacoast, 
except  in  Hokkaido  where  the  Tertiary  oil  district  is  in  a  strip  running 
through  the  center  of  the  island. 

The  Echigo  and  Akita  districts  produce  practically  all  the  oil  of  Japan, 
and  as  they  are  the  best  known  and  will  illustrate  the  occurrence  in  others, 
they  are  briefly  described.  These  two  districts  occur  in  the  extensive  area 
of  Tertiary  sediments  that  extend  almost  continuously  along  the  west 
coast  of  Honsu  (the  main  island  of  Japan)  bordering  the  Japan  Sea, 
extending  from  the  Province  of  Shinano  on  the  south  to  the  northern  end 
of  the  island,  a  distance  of  about  300  mi.  (480  km.)  with  a  width 
of  about  20  mi.  (32  km.).  The  Tertiary  deposits  are  classed  as 
Miocene  and  Pliocene.  These  Tertiary  deposits  of  the  Echigo  dis- 
trict have  been  closely  folded,  as  the  result  of  compression  from  the 
northwest  and  southeast,  into  rather  long  narrow  folds  striking  north- 
east and  southwest,  the  strata  being  not  infrequently  faulted.  The  oil 
fields  occur  along  these  anticlines.  The  Niitzu  oil  field  on  such  an  anti- 
clinal fold  is  about  4  miles  long  by  }i  mile  wide.  Most  of  the  fields  are 
much  smaller  than  this  however,  the  Ojya  field  being  only  3^  mile  square. 
The  oil-bearing  districts  are,  topographically,  rather  rough,  on  a  small 
scale.  They  are  broken  up  into  a  series  of  small  mountain  ridges,  the 
highest  rising  to  an  altitude  of  2300  ft.  (760  m.),  the  general  height  how- 
ever is  about  400  ft.  (120  m.).  Between  the  main  ridges  in  the  valley 
of  the  Shinano  River  occur  broad  fertile  plains  covered  with  rice  fields  and 
dotted  with  villages,  with  much  narrower  valleys  between  the  smaller 
ridges.  These  ridges  normally  correspond  to  the  anticlines  and  have  the 
same  strike  northeast  and  southwest,  the  valleys  occupying  the  synclines 
generally  speaking,  though  in  future  some  subordinate  productive  anti- 
clines may  be  developed  in  these  rice  plains  by  drilling. 

There  are  three  well-defined  oil  horizons.  The  top  one  consists  of 
shale,  sandstone,  and  conglomerate;  the  middle  one,  of  shale  with  thin 
beds  of  sandstone;  the  lowest  is  subdivided  into  two  subordinate  horizons, 
the  top  one  consisting  of  sandstone  and  shale  and  the  lower  one  of  sand- 
stone and  shale  with  tuff  beds.  The  most  productive  horizons  are  the 
middle  and  lower  horizons,  in  which  the  sandstone  and  tuff  are  the  chief 
oil  carriers,  though  some  oil  is  obtained  from  the  shale. 

Grade  of  Oil 

The  heavy  oils,  as  a  rule,  occur  in  the  higher  horizons.  Where  an  oil 
horizon  is  penetrated  by  an  intrusive  rock,  not  an  uncommon  occurrence, 
the  oils  are  of  low  specific  gravity,  even  less  than  10°  Baum6  having  been 
found  in  small  quantities.  Generally  speaking,  the  Japanese  oils  are 
heavy,  a  fair  average  for  them  being  around  30°  Baum6;  the  heaviest  is 
the  Akita  oil  of  20°  Baum^  and  the  lightest  the  Totomi  oil  of  42°  Baum^. 
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Depth  and  Production  of  Wells 

The  deepest  well  so  far  sunk  is  4613  ft.  (1406  m.)  deep  in  the 
Nishiyama  field  of  Echigo  district.  The  wells  generally  run  from  a  few 
hundred  feet  to  around  2500  ft.  (760  m.).  The  shallow  wells  as  a  rule  are 
very  small  producers. 

The  productive  oil  fields  have,  in  many  if  not  in  most  cases,  been 
closely  drilled.  In  the  Niitzu  field,  oil  wells  may  be  found  no  more  than 
10  ft.  (3  m.)  apart,  so  that  the  upper  oil  carriers  have  probably  been 
thoroughly  drained  and  the  use  of  air  or  water-pressure  methods  will  in 
all  probability  not  add  much  from  the  higher  sands.  But  deeper  wells 
nearly  everywhere  may  be  productive. 

The  well  production  throughout  Japan  is  small.  The  largest  gusher 
of  which  I  have  record  flowed  11,350  bbl.  per  day  at  first  but  rapidly  fell 
off  and  in  5  months  it  was  necessary  to  pump  the  oil.  At  the  end  of  1912 
there  were  2740  producing  wells  of  all  types,  machine  drilled  and  hand 
dug,  2153  of  which  had  been  drilled  with  American- type  drills.  In 
March,  1917,  there  were  2840  producing  wells  in  Echigo  district  alone,  of 
which  2236  had  been  drilled  with  American-type  drills.  The  total  pro- 
duction, in  March,  for  this  district  was  158,733  bbl.  or  at  the  rate  of  about 
56  bbl.  per  month  from  each  well,  or,  say,  1.8  bbl.  per  day.  The  average 
daily  production  of  the  Nishiyama  field,  the  most  productive  in  Japan,  is 
41^  bbl.  per  day  and  the  average  for  the  entire  Echigo  district,  including 
the  Nishiyama  field,  is  only  2.25  bbl.  per  day.  One  company,  in  1917, 
was  producing  4,000,000  cu.  ft.  (113,270  cu.  m.)  of  gas  per  day  in  the  Nishi- 
yama field,  from  which  casing-head  gas  was  being  extracted,  the  gas  then 
being  piped  to  adjacent  towns  and  used  for  fuel. 

Japanese  Petroleum  Production 

The  published  records  of  production  date  from  1874,  when  a  produc- 
tion of  3499  bbl.  is  given.  The  production  slowly  increased  until  it 
reached  30,651  bbl.  in  1880,  when  it  began  to  decline  and  dropped  to 
7063  in  1884,  when  it  again  began  to  grow.  By  1891,  the  annual  produc- 
tion was  63,618  bbl.  In  the  years  immediately  following,  the  successful 
use  of  American  drill  machinery  and  methods  made  itself  felt  in 
a  steady  and  rapidly  increasing  growth  in  production  until,  by  1901, 
over  1,000,000  bbl.  were  produced,  and  by  1908  over  2,000,000  bbl. 
Production  then  fell  off  until  1912,  when  the  introduction  of  rotary  drills 
and  the  drilling  of  deeper  wells  rapidly  increased  the  production,  until 
in  1916  the  maximum  of  2,942,722  bbl.,  with  a  value  of  $7,468,354,  was 
produced,  when  it  again  began  to  decline. 

For  the  first  15  years,  from  1874  to  1889,  for  which  there  are  records 
Japan  had  a  production  of  about  261,000  bbl.;  for  the  next  10-year  period, 
1890-1899,  1,991,993  bbl.     From  1900  to  1909,  the  production  was  13,- 
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046, o78  bbl.,  over  seven  limes  Lliat  of  the  preceding  decade;  from  1910 
to  1919,  it  was  22,737,270  bbl.;  and  from  1920-1921,  4,413,000  barrels. 

During  the  war,  when  high  prices  prevailed,  strenuous  efforts  were 
made  to  increase  production  in  Japan,  with  success  for  the  early  period,  as 
is  shown  by  the  rapidly  ascending  curve  in  Fig.  2.  In  spite  of  these  efforts, 
however,  partly  because  of  the  inability  to  get  casing  from  the  United 
States,  after  the  increase  in  1914—1915  following  the  great  increase  of 
1912-13  through  the  use  of  rotary  drills,  with  deeper  wells,  the  produc- 
tion began  to  decrease  and  has  fallen  rapidly.  This  is  not  because  of 
a  falling-off  in  demand,  for  Japan  normally  supplies  only  two-thirds  of 


Fig.  2. — Petroleum  productiox  of  Japan.     A.  Use   of  American  churn 
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the  amount  required  for  home  consumption.  It  seems  quite  clear  that,  in 
spite  of  the  new  wells  coming  in,  the  production  of  Japan  is  declining  and 
this  is  recognized  by  the  official  efforts  to  stimulate  search  for  oil.  But 
there  is  the  possibility,  which  must  not  be  overlooked,  that  the  Govern- 
ment has  issued  orders  regarding  the  conservation  of  the  oil  supply  and 
limited  the  output,  though  it  is  not  known  definitely  that  such  instruc- 
tions have  been  given.  The  total  recorded  petroleum  production  of 
Japan  from  1874  to  the  present  time  in  round  numbers  has  amounted  to 
43,000,000  barrels. 

Oil  Reserves 

I  have  been  unable  to  learn  of  any  estimates  of  the  oil  reserves  of 
Japan  that  have  been  made  by  its  oil  geologists.  IVIoreover,  available 
data  regarding  the  productive  areas  are  so  meager,  and  much  more  so 
regarding  the  non-productive  areas,  as  to  make  rather  presumptive  any 
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attempt  at  a  reasonably  intelligent  guess  as  to  the  reserves.  Neverthe- 
less such  an  estimate  has  been  made  and  is  here  given  under  heads  of  oil 
from  "proved,"  "probable,"  and  "possible"  ground. 

Millions  of 
Barrels 

Oil  from  proved  ground 90 

Oil  from  probable  ground 300 

Oil  from  possible  ground 0-700 

Under  the  head  of  "oil  from  proved  ground"  is  included  only  the  oil 
it  is  estimated  will  be  recovered  from  the  important  producing  districts, 
some  of  which  fields  have  been  well  drilled,  and  regarding  the  occurrence 
of  which  certain  data  are  available.  It  would  seem  that  there  is  an  excel- 
lent opportunity  for  the  Japanese  to  continue  production  for  some 
years  from  this  proved  territory.  It  is  not  to  be  expected,  however, 
that  any  marked  increase  in  production  will  come  from  it.  However, 
production  from  this  proved  ground  will  come  largely  as  the  result  of  the 
drilling  of  areas  in  the  productive  fields  that  heretofore  have  been  untested 
or  very  poorly  tested,  from  the  drilling  of  deeper  wells,  and  by  using  new 
and  improved  methods  of  oil  recovery,  -such  as  air  pressure,  water  drive,  etc. 

Accepting  the  estimated  reserve  of  90,000,000  bbl.  in  proved  ground 
as  approximately  correct,  at  the  normal  average  production  for  the  past 
10  years  of  a  little  over  2,300,000  bbl.  per  year,  this  would  be  exhausted 
in  about  40  years,  on  the  assumption  that  production  continues  in  the 
future  at  the  same  rate  as  at  present.  The  production  will  certainly 
continue  much  longer  than  this,  as  under  the  normal  conditions  of 
drilling  wells  and  developing  oil  fields  it  may  be  expected  that  the  remain- 
ing oil  could  not  be  removed  within  that  period  of  time.  What  will 
probably  happen  will  be  a  slowly  but  steadily  decreasing  production  from 
the  oil  wells,  which  will  continue  for  many  years  with  an  occasional  small 
spurt  shown  by  the  coming  in  of  a  few  isolated  new  wells.  In  fact,  I 
believe  that  from  the  present  production  of  around  2,200,000  bbl.  Japan's 
oil  production  will  steadily  decrease,  barring  developments  of  new  oil  dis- 
tricts in  probable  and  possible  ground. 

Under  the  heading  "oil  from  probable  ground"  is  included  that  oil 
which  will  probably  be  derived  from  certain  rather  extended  areas,  totally 
untested,  in  the  present  productive  districts  and  other  much  larger  areas 
in  which  oil  seeps  are  known  and  from  which  but  small  amounts  of  oil 
have  so  far  been  obtained,  such  areas,  for  example,  as  occur  in  Japanese 
Sakhalin  (Karafuto),  Hokkaido,  and  Formosa  (Taiwan).  Thorough 
testing  of  these  areas  is  desirable  and  may  add  much  to  Japan's 
oil  reserves. 

Under  the  category  of  "oil  from  possible  ground"  has  been  included 
the  estimates  of  oil  in  territory  that  is  not  definitely  known  to  contain 
any  oil,  but  in  which  such  conditions  of  structure,  etc.  exist  as  to  warrant 
the  geologist  in  assuming  that  oil  may  occur  there.    It  must  be  recognized 
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as  a  purely  speculative  estimate  and  one  that  is  extremely  doubtful, 
for  it  is  both  doubtful  whether  any  oil  will  be  found  in  the  areas 
considered,  and  if  oil  is  found,  it  is  a  question  as  to  how  much  will 
be  produced.  Testing  such  areas,  however,  may  add  enormously  to 
Japan's  proved  and  probable  oil-bearing  ground  and  to  the  estimates 
of  her  reserves. 

It  may  be  well  to  add  that  the  officials  of  the  various  government 
departments  interested  in  the  production  and  use  of  petroleum  in  Japan 
have  been  discussing  an  oil  policy  for  Japan,  and  it  is  proposed  to  estabhsh 
a  Bureau  to  carry  on  investigations  and  outline  and  carry  through  an  oil 
policy  that  will  conserve  the  oil  supply  of  Japan  and,  if  possible,  increase 
it.  This  increase,  however,  can  only  be  brought  about  by  active  pros- 
pecting of  the  probable  and  possible  productive  areas  of  Cretaceous  and 
Tertiary  sediments,  which  occupy  a  much  larger  area  than  that  which 
is  occupied  by  the  present  important  oil-producing  districts  of  Japan. 
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Petroleum  Resources  of  China  and  Siberia 

By  Eliot  Blackwelder,  Denver,  Colo. 

(New  York  Meeting,  February,  1922) 

For  the  purposes  of  this  paper,  the  boundaries  of  China  and 
Siberia  will  be  taken  as  they  stood  about  1907. 

Except  in  the  Caspian  region,  it  is  doubtful  if  all  the  oil  ever  produced 
in  these  countries  would  equal  one  day's  flow  of  a  good  Texas  well. 
Considering  the  vastness  of  the  regions  and  the  variety  of  strata,  it  seems 
strange  that  these  two  countries  should  have  made  so  small  a  showing 
in  the  petroleum  industry.  No  doubt  the  condition  is  caused  partly 
by  lack  of  prospecting  and  of  modern  methods  of  development;  in  larger 
measure,  however,  it  is  evidently  because  of  unfavorable  geological  condi- 
tions over  nearly  all  of  east-central  and  northern  Asia. 

China 

The  known  oil  occurrences  in  China  are  very  few.  For  many  years, 
perhaps  a  barrel  a  day  has  been  obtained  by  primitive  methods  from  wells 
near  the  city  of  Yenchang  in  the  northwestern  province  of  Shensi.  A 
like  amount  was  obtained  from  wells  bored  for  salt  water  in  the 
vicinity  of  Kiating  in  southwestern  Szechwan.  The  little  oil  was 
separated  from  salt  water  by  allowing  it  to  stand  in  jars.  The  salt  wells 
yield  also  considerable  natural  gas,  which  is  used  to  evaporate  the  salt 
and  also  for  domestic  purposes.  There  is  evidence  that  wells  were  bored 
in  this  part  of  China  before  the  third  century.  It  is  said  that  more 
than  1200  weUs  have  been  sunk  in  that  district  to  depths  of  1600  to  2000 
ft.  (485  to  610  m.)  in  connection  with  the  salt  industry. 

The  scarcity  of  petroleum  in  China  may  be  ascribed  to  three  general 
geologic  conditions:  First,  China  contains  practically  no  marine  sedi- 
ments of  Mesozoic  or  Cenozoic  age;  second,  the  Paleozoic  sediments  are 
not  for  the  most  part  of  the  types  that  generally  contribute  petroleum; 
third,  the  rocks  of  nearly  all  ages  have  been  strongly  folded,  faulted,  and 
more  or  less  intruded  by  igneous  rocks  in  all  parts  of  China  except  certain 
areas  in  the  west  and  northwest. 

The  mountainous  eastern  peninsula  of  Shantung  and  the  similar 
district  of  Liaotung  in  Manchuria  to  the  northeast  have  the  general 
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characteristics  of  Nevada,  the  rocks  being  mostly  Paleozoic  or  older  and 
having  complicated  structure.  That  there  is  oil  in  either  province  is 
extremely  doubtful.  The  great  plain  of  eastern  China  is  believed  to  be 
a  recently  sunken  district  thickly  strewn  with  the  delta  deposits  of  the 
Hwang-ho  and  Yangtze-kiang.  If  oil  ever  is  found  in  this  alluvial 
region,  it  will  be  by  accident.     The  geologic  structure  of  the  surrounding 


Fifi.  1. — Oil-bearing  areas  of  Siberia  and  Chixa. 

districts  gives  no  suggestion  of  favorable  conditions  beneath  the  plain 
but  indicates  rather  the  continuation  of  the  Shantung  structures. 

The  southeast  quarter  of  China  consists  entirely  of  pre-Cretaceous 
rocks,  all  strongly  folded  and  faulted,  and  invaded  by  igneous  intrusions. 
The  probabilities  of  finding  oil  in  this  region  would  seem  to  be  no  better 
than  in  the  barren  Appalachian  Mountains.  In  southwestern  China, 
the  likelihood  of  finding  oil  is  still  more  remote,  for  although  thick  beds 
of  Carboniferous,  Permian,  and  Triassic  rocks  occur,  they  have  been 
intensely  folded  and  there  are  many  granitoid  and  other  intrusions. 

The  Red  Basin  of  the  western  province  (Szechwan)  is  one  of  the  few 
places  which  seem  to  have  even  a  little  promise  as  a  source  of  petroleum. 
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The  Jurassic  red  beds  are  nearly  horizontal  in  the  central  part  of  this 
great  elliptic  basin,  but  are  more  folded  around  the  periphery.  They 
are  underlain  by  thin  Lower  Jurassic  (Rhetic)  coal  measures  and 
thick,  more  or  less  bituminous,  Pennsylvanian  limestone.  It  is 
probable  that  there  are  structures  favorable  to  oil  accumulation 
around  the  margins  of  the  basin.  Unfortunately,  the  Rhetic  coal 
measures  appear  to  be  of  fresh-water  origin,  and  there  are  no  known  sandy 
formations  in  proximity  to  the  Carboniferous  limestone.  Possibly  there 
may  be  local  porous  zones  in  the  limestone,  which  would  afford  oil  fields 
like  those  of  Kentucky.  The  small  gas  production  and  traces  of  oil  in 
the  southwest  part  of  the  province  are  at  least  suggestive. 

In  northwestern  China,  comprising  the  provinces  of  Shansi,  Shensi, 
and  Kansu,  there  is  a  large  area  within  which  the  Paleozoic  rocks  are 
somewhat  faulted  but  not  much  folded.  Formations  older  than  upper 
Carboniferous  are  chiefl}^  limestones  and  dolomites  without  bituminous 
matter,  and  are  not  such  as  to  afford  hope  of  finding  oil.  In  the  coal 
measures,  the  hydrocarbon  content  is  more  favorable,  but  unfortunately 
these  rocks  generally  lie  at  the  surface  in  plateaus  and  have  been  deeply 
intrenched  by  streams.  Perhaps  in  a  few  localities  they  may  be  under 
sufficient  cover  and  in  structural  positions  favorable  for  the  accumulation 
of  small  bodies  of  oil.  It  is  in  this  part  of  China  that  a  trifling  amount 
of  oil  is  being  produced  at  present;  that  it  will  ever  be  more  than  an 
unimportant  field  seems  rather  unlikel3^ 

Of  the  outlying  dependencies  of  China,  Manchuria,  like  northern  China 
itself,  consists  largely  of  rather  old,  strongly  folded  rocks,  broken  by 
faults  and  interrupted  by  igneous  intrusions.  It  is  not  likely  to  contain 
petroleum  in  noteworthy  quantities.  Mongolia  is  largely  unknown,  as 
far  as  its  geology  is  concerned.  However,  it  has  been  crossed  in  several 
places  by  geologists  and  all  their  observations  go  to  show  that  it  is  under- 
lain largely  by  granite,  gneiss,  and  metamorphosed  sedimentary  rocks, 
veneered  with  late  Tertiary  (Miocene-Pliocene)  continental  deposits 
like  those  of  western  Texas  and  Nebraska,  and  including  some  basaltic 
flows.  Nothing  in  the  published  accounts  available  indicates  in  the 
slightest  degree  that  there  is  any  oil  in  Modgolia. 

Thibet  and  Chinese  Turkestan  to  the  north  are,  likewise,  verj^  imper- 
fectly known.  The  rocks  are,  however,  intensely  folded  in  most  districts 
that  have  been  studied.  It  is  reported  that  Mesozoic  and  Eocene  strata 
occur  in  southwestern  Thibet;  but  their  structure  is  like  that  of  the  Alps, 
and  the  opportunities  for  petroleum  accumulation  would  seem  to  be 
about  as  poor. 

Siberia 

For  the  purposes  of  this  paper,  Siberia  will  be  understood  to  include 
all  of  Russian  Asia,  as  it  was  before  the  war.     Of  this  territory,  the  most 
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pioiiiisiiig  part  for  future  oil  supply  seems  to  be  the  extreme  southwestern 
corner,  extending  from  the  south  end  of  the  Ural  mountains  southward 
along  the  east  shore  of  the  Caspian  Sea  and  eastward  to  the  high  ranges 
of  Turkestan.  This  region  has  been  only  partly  explored,  and  only  a  few 
localities  have  been  drilled,  but  much  oil  already  has  been  produced: 
along  the  east  side  of  the  Caspian  Sea,  in  the  province  of  Uralsk  north  of 
that  sea,  and  in  the  Khotan  Basin  at  the  eastern  corner  of  the  triangle. 
In  all  three  localities  development  has  been  slow  and  is  still  in  its  infancy. 
In  this  general  region,  marine  strata  of  Cretaceous  and  early  Tertiary 
ages  apparently  are  widely  distributed  and  have  been  folded  in  varying 
degrees.  Under  the  circumsta-nces,  it  seems  not  unreasonable  to  expect 
that  other  valuable  and  probably  large  oil  fields  will  be  developed  in  the 
Aralo-Caspian  part  of  Siberia. 

That  part  of  Siberia  lying  between  the  Ural  Mountains  and  the 
Yenesei  River  is  underlain  largely  by  horizontal  or  slightly  disturbed  beds 
of  Lower  Cretaceous  and  early  Tertiary  age.  In  general,  they  appear  to 
be  thin  and,  in  part,  non-marine  gypsiferous  deposits.  The  marine  strata 
resemble  the  American  Chesapeake  formation  and  the  English  Gault. 
There  is  not  much  in  the  descriptions  of  these  beds  to  suggest  that  they 
will  prove  to  be  petroliferous.  Yet  it  is  possible  that  in  the  southwestern 
extremity  of  the  district  they  may  become  productive,  because  it  is  not 
much  farther  southwest  to  the  oil-bearing  Tertiary  strata  of  the  Caspian 
region.  Unconformably  beneath  the  Cretaceous  lie  folded  Paleozoic 
beds,  which  rise  to  the  surface  in  the  Ural,  Altai,  and  Kirghiz  mountains. 
This  region,  two-thirds  as  large  as  the  United  States,  probably  has  not 
been  closely  investigated  by  geologists,  and  most  of  the  Russian  reports 
are  inaccessible  to  Americans.  Nevertheless,  the  general  geologic  condi- 
tions are  known  well  enough  to  warrant  a  tentative  opinion  of  the 
petroleum  resources. 

Between  the  Yenesei  and  the  Lena  Rivers,  there  are  plateaus  carved 
from  flat-lying  or  gently  inclined  beds  of  early  Paleozoic  age.  They  con- 
sist largely  of  limestone  with  marl  and  some  gypsum,  and  are  overlain  by 
Permo-Jurassic  coal  measures  suggesting  the  Gondwana  beds  of  India. 
Devonian  shales  and  limestone  intervene  in  the  southwest  part  of  the 
region.  Toward  the  north  the  coal  measures  are  covered  by  a  thin  sheet 
of  upper  Jurassic  and  Lower  Cretaceous  shales;  locally  there  are  extensive 
outpourings  of  Tertiary  basalt.  Around  the  southern  border  of  this 
district  the  rocks  have  been  considerably  folded.  In  brief,  the  conditions 
are  such  that  it  would  not  be  unreasonable  to  expect  some  deposits  of 
petroleum  in  this  great  region.  Traces  of  oil  have  been  found  in  Paleozoic 
rocks  near  Lake  Baikal. 

East  of  the  Lena  River,  the  rocks  generally  are  folded  in  Appalachian 
style  and  intruded  by  numerous  igneous  masses.  The  beds  range  from 
Cambrian  to  Devonian,   with  some  Triassic  sediments  and  Tertiary 
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volcanics.  In  the  valley  of  the  Amur  and  along  the  eastern  coast,  the 
Triassic  contains  fossiliferous  limestone  and  thin  coal  measures.  How- 
ever, these  have  been  folded  so  strongly  as  to  suggest  that  no  oil  or  gas 
will  be  found  in  them.  At  the  extreme  eastern  projection  of  Siberia,  the 
rocks  are  largely  ancient  metamorphic  and  igneous  masses  like  those  on 
the  American  side  of  Bering  Strait. 

The  peninsula  of  Kamchatka  consists  partly  of  granite  and  porphyries, 
with  a  double  line  of  volcanoes  running  longitudinally.  There  are, 
however,  extensive  outcrops  of  coal-bearing  Tertiary  deposits  suggesting 
the  Kenai  formation  of  Alaska;  this  might  conceivably  yield  oil.  Oil 
seepages  are  reported  in  the  northern  part  of  the  west  shore  of 
the  peninsula. 

Near  the  north  end  of  Sakhalin  Island,  Tertiary  deposits  are  reported 
to  have  petroleum  seepages  in  at  least  two  localities.  The  writer  does  not 
know  whether  oil  has  been  produced  in  commercial  amounts;  but  there 
seems  to  be  reason  for  expecting  that  Sakhalin  may  eventually  have  some 
small  oil  fields  like  those  of  Japan. 

Summary 

To  give  even  a  very  rough  quantitative  estimate  of  the  petroleum  to  be 
derived  from  China  and  Siberia,  in  the  present  state  of  our  ignorance, 
would  be  unjustified. 

China  and  Siberia  have  a  combined  area  nearly  three  times  that  of  the 
United  States.  In  this  vast  region  indications  of  the  presence  of  petro- 
leum are  found  at  only  a  few  widely  scattered  places.  Only  in  the 
Aralo-Caspian  deserts  are  there  developed  oil  fields  in  the  modern  sense 
of  the  word.  In  addition,  the  island  of  Sakhalin  offers  promise  of  at 
least  minor  developments.  We  do  not  know  even  roughly  the  size  of  the 
petroliferous  districts,  nor  the  number  of  favorable  structures  in  such 
districts,  nor  their  areas.  We  know  comparatively  little  of  the  average 
yield  of  the  wells  obtainable  there. 

The  writer  will  venture  only  the  opinion  that  China  will  never 
produce  large  quantities  of  oil,  but  that  Siberia,  with  the  Sakhalin  and 
Caspian  provinces,  may  eventually  yield  as  much  oil  as  Russia  south  of 
the  Caucasus. 

DISCUSSION 

Frederick  G.  Clapp,  New  York,  N.  Y.  (written  discussion). — The 
writer  is  much  more  optimistic  than  the  author  with  regard  to  the  oil 
possibilities  of  China.  This  may  be  due  to  the  fact  that  different  sections 
of  the  country  were  studied  by  each  and  the  writer's  studies  were  carried 
on  much  later  than  the  author's. 

Few  persons  have  any  conception  of  the  lack  of  reliable  information 
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as  to  the  geology  of  petroleum  and  natural  gas  in  China.  Conditions  in 
this  respect  maj'-  be  compared  fairly  with  those  in  our  own  country  100 
years  ago,  when  only  a  few  geological  studies  had  been  made. 

A  further  comparison  is  based  on  the  fact  that  perhaps  50  small 
seepages  have  been  found  in  China,  all  of  them  more  comparable  to  the 
unimportant  seepages  of  West  Virginia  and  Wyoming  than  to  any  of  the 
great  South  and  Central  American  seepages.  The  best  oil  seepage  seen, 
by  the  writer,  in  China  was  a  few  gallons  of  light  green  petroleum  floating 
on  the  surface  of  a  small  stream.  Most  of  the  seepages  consist  of  oozings 
of  asphaltic  material  a  foot  or  two  in  diameter,  or  spots  where  petroleum 
rises  drop  by  drop  in  the  water  of  a  stream.  No  geologist  would  con- 
demn any  otherwise  favorable  part  of  the  United  States  as  regards  oil 
possibilities  simply  because  it  does  not  have  surface  evidences;  no  more 
should  this  be  done  in  the  case  of  China. 

Among  the  notes  and  maps  made  by  the  writer  and  his  associates, 
the  only  ones  that  have  been  worked  up  in  detail  cover  a  portion  of  a 
single  province,  viz.,  northern  Shensi,  in  central  northern  China,  where 
most  of  the  work  was  done  and  consequent!}^  for  which  the  most  data  are 
available.  The  provinces  lying  farther  east  are  mainly  of  a  highly  meta- 
morphic  or  igneous  character,  as  explained  by  Mr.  Blackwelder.  The 
formations  of  northern  Shensi  are  largely  of  Carboniferous  age,  overlain 
in  the  west  by  probable  Permo-Mesozoic  sediments.  That  region  is  a 
great  sedimentary  basin  at  least  200  miles  in  diameter,  in  which  older 
rocks  are  only  found  near  the  edges.  Monoclinal  dips  extend  for  scores 
of  miles  throughout  the  central  portions  of  the  basin  with  only  small 
reversals,  but  near  the  edges  some  domes  exist  of  the  moderate  Okla- 
homa type,  and  in  addition  a  few  prominent  anticlines  of  the  Eureka- 
Volcano-Burning  Springs  (W.  Va.)  type  are  found  in  some  places  near  the 
edges.  Igneous  rocks  are  unknown  in  the  basin,  and  in  this  respect  the 
comparison  is  almost  perfect  between  the  North  Shensi  basin  and  some 
Carboniferous  basins  in  the  United  States.  A  vast  difference,  however, 
lies  in  the  fact  that  Shensi  is  covered  by  an  immense  thickness  of  loess, 
which  is  certainly  over  1,000  and  probably  several  thousand  feet  thick 
in  places.  It  rises  into  a  plateau  over  a  mile  above  sea-level  along  the 
eastern  boundary  of  Kansu.  The  underlying  rocks  are  only  locally 
exposed. 

Another  comparison  between  conditions  in  China  and  those  in  the 
United  States  may  be  made  on  the  basis  of  the  drilling  done  to  date. 
Three  wells,  only  a  few  hundred  feet  in  depth,  were  drilled,  by  the  Chinese, 
about  15  years  ago  at  Yen-chang  in  eastern  Shensi.  Although  the  initial 
production  of  one  of  these  wells  is  said  to  have  been  as  high  as  40  bbl. 
per  daj^,  the  present  aggregate  production  is  believed  not  to  be  over  one 
barrel  per  day  for  several  wells.  Geologically,  the  locality  is  merely  a 
slight  interruption  in  the  fairly  uniformly  westward-dipping  monocline, 
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but  minute  seepages  appear  at  the  surface.  The  analyses  of  this  oil 
showed  it  to  be  above  40°  Baume  gravity,  if  the  writer's  recollection  is 
correct,  and  to  contain  about  15  per  cent,  gasoline  and  benzine,  15  per 
cent,  of  kerosene,  and  40  per  cent,  or  more  of  lubricating  oil,  with  a  high 
percentage  of  paraffin.  Therefore  the  character  of  the  oil  is  similar  to 
that  in  rocks  of  similar  age  in  the  eastern  United  States,  and  the  yield 
of  the  existing  wells  is  what  is  found  in  many  similar  structures  in  eastern 
Ohio. 

Besides  the  deep  test  well  drilled  as  an  offset  to  one  of  the  Yen- 
chang  wells,  others  were  drilled  elsewhere  in  Shensi;  but  one  of  them  was 
situated  on  only  a  structural  terrace,  another  on  a  moderate  dome  of  the 
Oklahoma  type,  and  a  fourth  on  a  great  anticline  in  a  region  of  probably 
too  high  metamorphism.  All  of  these  wells  reported  showings  of  oil, 
but  the  largest  probably  would  not  have  made  over  10  bbl.  per  day. 
There  is  no  basis  for  the  suspicion,  which  exists  in  China,  that  large 
amounts  of  oil  were  found  in  Shensi,  and  that  good  wells  were  capped  in. 
Neither  is  there  any  basis  for  the  reports  frequently  circulated  that  all 
conditions  in  China  have  been  found  unfavorable  to  oil  occurrence. 
Other  Carboniferous  basins  in  China  are  similarly,  or  more,  favorable. 

Summarizing,  it  may  be  said  that  geological  conditions  probably  are 
as  auspicious  for  oil  in  certain  places  in  China  as  they  appeared  anywhere 
in  the  United  States  previous  to  the  actual  discovery  of  oil  by  drilling; 
that  a  number  of  Carboniferous  basins  exist  in  which  the  superficial 
conditions  may  be  considered  almost  ideal;  that  small  seepages  exist  in 
considerable  number;  and  that  the  salt  and  gas  wells  mentioned  by  the 
author  in  certain  parts  of  China  may  be  considered  just  as  good  an 
indication  of  oil  possibilities  as  they  would  under  similar  circumstances 
in  the  United  States.  No  person  can  yet  say  whether  or  not  China  will 
produce  oil  in  commercial  quantities,  but  conditions  in  certain  provinces 
render  them  worth  testing.  The  immense  market  for  kerosene  that  exists 
in  central  China,  in  view  of  its  teeming  population,  renders  practically 
certain  the  success  of  a  company  that  can  enter  the  country  and  find  and 
develop  oil  in  commercial  quantities. 
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A  Possible  Origin  of  Oil 

By  Colin  C.  Rae,  Denver,  Colo. 

(New  York  Meeting,  February,  1922) 

The  absence  of  parajQBn  and  other  oil  hydrocarbons  in  the  soil 
although  they  are  concentrated  in  extensive  deposits  in  some  localities, 
the  common  distribution  of  plant  remains  through  many  formations  that 
are  not  productive  for  oil,  and  many  other  factors,  seem  to  indicate  the 
existence  of  an  intermediate  organic  compound  between  the  complex  plant 
compounds  and  the  petroleum  hydrocarbons;  and  much  evidence  points 
to  the  humus  acids  or  associated  organic  compounds,  which  are  probably 
collected  by  surface  waters  and  concentrated  in  certain  areas  by  means  of 
precipitation  by  electrolytes,  which  would  be  contained  in  sea  water  or 
possibly  in  various  inland  seas  or  lakes. 

Present-day  Evidence 

There  are  many  present-day  evidences  of  the  association  of  petroleum 
with  humus  acids.  Binney,  in  1912,  made  observations  without  explana- 
tions on  the  peat  mosses  of  Down  Holland,  England,  where  he  found 
petroleum  being  formed  by  decomposition  in  the  presence  of  an  infiltra- 
tion of  sea  water.  The  analysis  of  a  typical  peat  will  show  its  relationship 
to  the  humus  acids  under  consideration. 


Water 

Ash 
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Humus  acids 

J.  D.  Haseman  and  others  have  noted  the  association  of  asphalt 
and  hydrocarbons  with  the  swampy,  boggy  areas,  particularly  adjacent 
to  the  sea. 

Many  of  the  rivers  carry  much  humus  acid  in  solution,  and  some 
tropical  rivers  carry  in  the  aggregate  millions  of  tons  of  humus  each  year. 
The  amount  of  humus  is  a  variable  factor,  depending  on  climatic  condi- 
tions, and  on  the  salts  and  alkalies  present  in  the  water,  also  on  the  density 
and  temperature. 
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The  analyses  of  various  river  waters  show  a  close  relationship  between 
the  amount  of  organic  matter  and  the  amount  of  free  uncombined  silica; 
the  relative  insolubility  of  silica  in  pure  water  is  well  known.  By 
chemically  equating  the  positive  ions  to  the  negative  ions  in  the  various 
analyses  of  river  waters,  there  is  apparently  an  excess  of  free  silica,  most 
probably  in  a  colloidal  state,  varying  from  a  fraction  of  1  per  cent.,  in 
rivers  with  little  organic  content,  to  44  per  cent,  in  tropical  rivers,  such 
as  the  Uruguay.  The  relation  between  the  silica  and  humus  is  not 
clearly  understood  and  prominent  chemists  have  given  conflicting  views 
concerning  the  physical  and  chemical  relationship. 

Chemical  Factors 

The  combined  silica  is  chiefly  in  the  form  of  sodium  metasilicate,  which 
has  been  shown,  by  Kohlrausch  and  others,  to  be  hydrolyzed  in  solution 
into  colloidal  silica  and  sodium  hydroxide.  Uncombined  silica  must  be 
present  as  colloidal  silica  since  silicic  acid  hydrolyzes  forming  the 
colloidal  solution. 

A  colloidal  suspension  is  finely  divided  solid  matter  in  the  presence  of 
the  solvent.  It  has  not  been  definitely  settled  whether  these  colloidal 
suspensions  manifest  any  of  the  properties  of  true  solutions.  There  is 
satisfactory  experimental  evidence  that  the  colloid  particles  are  charged 
electrically,  certain  being  positively  charged,  while  others,  such  as 
colloid  silica  and  sulfur,  have  negative  charges. 

It  has  been  shown,  by  Mayer,  Schaeffer,  and  Terroine,  that  the  addi- 
tion of  traces  of  an  alkali  to  an  ultramicroscopic  suspension  increases  the 
size  of  the  colloid  granules  if  the  suspension  is  positive,  and  diminishes 
them  if  the  suspension  is  negative,  while  the  addition  of  acids  produces 
the  inverse  effect.  Thus,  particles  of  the  negatively  charged  colloidal 
silica  and  sulfur  would  be  increased  by  the  presence  of  humic  acids;  this  is 
a  probable  explanation  for  the  usual  relationship  of  high  organic  to  high 
silica  content  in  river  waters.  A  strict  rule  of  relative  solubility  cannot  be 
applied,  for  the  action  would  vary  with  the  solvent,  depending 
on  the  salts  and  alkalies  present  in  the  water,  also  on  the  density 
and  temperature. 

The  next  factor  to  be  considered  is  the  possible  precipitation  of 
organic  compounds  by  sea  or  inland  lake  waters.  As  mentioned,  Binney, 
Haseman,  and  others  have  called  attention  to  the  association  of  forma- 
tion of  petroleum  or  asphalt  with  humus  conditions  in  the  presence  of  sea 
water.  Analyses  of  river  water  at  London,  England,  have  proved  that 
the  sea  water  causes  the  precipitation  of  the  humus  or  organic  content 
of  the  water. 

Chemically,  the  coagulation  of  colloids  is  effected  by  electrolytes  such 
as  Al2(S04)8,  Fe2(S04)3,  FeCla  and  other  salts,  when  present  in  suffi- 
cient quantity.    Burton  has  shown  that  a  marked  difference  in  potential 
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exists  bctweeii  tlic  colloidal  particles  aud  water.  This  diminishes  the 
surface  tension  between  the  two,  and  there  is  nothing  to  draw  the  fine 
particles  together  to  form  larger  particles  and  produce  precipitation. 
When  sufficient  electrolyte  is  added  to  the  colloidal  suspension,  the 
colloidal  particles  attract  the  oppositely  charged  ions,  and  the  difference 
in  potential  between  the  colloid  particles  and  water  decreases,  increasing 
the  surface  tension.  As  a  result,  the  colloid  particles  are  drawn  nearer 
together  and  are  precipitated.  Hence,  the  coagulation  of  organic  matter, 
colloidal  silica,  and  sulfur  can  be  effected  by  sea  water,  because  of  the 
presence  of  the  needed  electrolytes. 

Experiments  by  prominent  chemists  have  proved  that  the  humus-acid 
groups,  whose  exact  chemical  composition  is  not  well  understood,  can 
become  colloids,  and  as  colloids  are  easily  precipitated  by  sodium  chloride, 
calcium  sulfate,  and  other  salts.  This  fact  probablj^  explains  the  action 
of  sea  water  in  removing  organic  impurities  from  the  river  waters,  and  it 
may  be  shown  in  the  future  that  the  colloid  humus  has  a  definite  bearing 
on  the  development  of  silica  into  a  colloidal  state  through  the  electrical 
condition  of  the  ions,  provided  the  various  factors  heretofore  mentioned 
as  influencing  the  solution  are  considered. 

Considering  the  probably  colloidal  relationship  of  high  humic  acid  to 
high  silica  content  of  river  waters,  it  seems  logical  to  assume  a  simul- 
taneous deposition  of  the  coUoidal  silica  and  probably  some  colloidal 
sulfur  at  the  time  of  the  precipitation  of  humus  by  action  of  sea  water. 
The  resulting  siliceous  ooze  might  be  incorporated  into  some  form  of 
marine  deposition,  probably  forming  a  shale  with  the  fine  mud  carried  by 
the  mechanical  action  of  river  waters. 

Transformations  of  Organic  Hydrocarbons 

The  gradual  transformation  of  the  organic  hydrocarbons,  precipitated 
by  the  electrolytes  of  the  sea  water,  into  the  petroleum  hydrocarbons  could 
probably  take  place  under  several  sets  of  conditions  and  would  vary 
according  to  alkalinit}^,  salts,  and  the  presence  of  catalytic  agents  in 
associated  formations,  together  with  conditions  of  pressure  and  tempera- 
ture. The  evidence  of  action  of  sea  water  on  waters  of  peat  bogs  seems 
to  indicate  that  a  slight  amount  of  petroleum  can  be  formed  under  proper 
conditions  even  where  only  normal  conditions  of  pressure  and  temperature 
are  present. 

In  the  oil-shale  beds  of  the  west,  intermediate  organic  compounds 
between  the  humus  and  paraffin  hydrocarbons,  which  require  heat  to 
change  into  petroleum,  are  apparently  present.  Solution  tests  of  the 
shales  indicate  that  virtually  no  true  hydrocarbons  exist  in  the  oil  shales, 
although  specks  resembling  gilsonite  ranging  from  }^^4  to  J^2  ^^-  ^^ 
diameter  are  found.  However,  distillation  tests  show  no  apparent 
relationship  between  the  oil  content  of  the  shale  and  the  amount  of  the 
said  hydrocarbons,  for  the  richest  shale  is  sometimes  free  from  the  specks. 
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The  character  ot"  ilie  iiileriiiediate  coinpouiid  has  been  the  subject  of 
much  discussion  and  comment,  the  prevaiHng  idea  being  that  the  organic 
matter  was  chiefly  carbonaceous  and  plant  remains.  However,  micro- 
scopic studies  of  the  shales  have  shown  that  while  pieces  of  plants,  pollen 
grains,  seeds  and  spores  are  numerous  in  the  shale  with  low  oil  content, 
the  rich  shales  have  virtually  no  plant  or  organic  remains  but  appar- 
ently have  some  intermediate  organic  compound  between  the  organic 
material  and  oil,  which  compound  may  be  changed  to  petroleum  on  appli- 
cation of  heat  and  pressure. 

It  would  be  possible  to  have  the  organic  material  carried  to  the  sea  by 
rivers  and  streams  precipitated  over  an  area  many  miles  in  extent,  as  it 
is  well  known  that  river  waters  are  not  thoroughly  mixed  with  the  sea 
water  for  many  miles  from  their  mouths.  The  soundings  of  the  Challen- 
ger expedition  showed  ''siliceous  ooze"  existing  along  the  "mud  line"  of 
the  oceans  many  miles  from  the  mouths  of  rivers;  hence  it  would  be  pos- 
sible to  have  diatoms  or  foraminifera  in  the  formation  formerly  containing 
organic  material. 

Humus-acid  Origin  of  Oil 

The  occurrence  of  shales  containing  much  finel}^  divided  silica  associ- 
ated with  the  petroleum  deposits  of  California  and  elsewhere,  together 
with  the  iron  concentration  and  sulfur  deposits,  seem  to  indicate  by 
chemical,  geological,  and  historical  evidence  that  it  might  have  been 
possible  to  have  had  organic  material  in  the  form  of  the  humus-acid  group 
collected  by  the  streams,  precipitated  by  sea  water,  and  later  converted 
into  hydrocarbons  in  the  presence  of  catalytic  agents  or  by  means  of  heat 
and  pressure.  Various  experiments  along  these  lines  may  lead  in  the 
future  to  the  discovery  of  a  process  by  which  oil  may  be  produced  from 
the  organic  acids  under  the  proper  conditions  of  heat,  pressure,  and 
catalytic  agents. 

It  is  not  intended  to  ascribe  all  oil  deposits  to  the  humus-acid  origin, 
but  it  is  important  to  note  that  the  humus-acid  group  may  be  formed 
from  both  animal  and  vegetable  material.  Local  conditions  may  allow 
extensive  deposits  of  marine  life  remains  to  accumulate,  wherein  it 
might  be  possible  to  have  a  similar  leaching  of  humus  by  water,  then  a 
later  precipitation  by  underground  waters  with  subsequent  heat  and 
pressure.  However,  the  humus-acid  concentration  by  river  waters  and 
embodiment  into  marine  formations  seems  to  be  the  more  plausible 
explanation  of  the  origin  and  concentration  of  many  oil  deposits. 

SUPPLEMENT 

It  is  stated  above  that  microscopic  studies  of  the  shales  have 
shown  that  while  pieces  of  plants,  pollen  grains,  seeds,  spores,  and  other 
organic  material  are  numerous,  much  rich  shale  has  no  recognizable 
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oiganic  material.  As  some  scientists  have  endeavored  to  ascribe  the 
origin  of  oil  to  the  chief  material  appearing  on  the  slide,  it  might  be  well 
to  consider  certain  factors  from  present-day  evidence. 

The  river  and  stream  waters  carrying  much  humus  acids  in  solution 
carry  plant  remains  in  the  form  of  spores,  seeds,  pieces  of  plants,  and 
fibrous  matter.  The  coagulation  of  the  humus  material  by  sea  or  inland- 
lake  waters  would  collect  much  of  this  material.  In  the  various  geological 
ages,  the  organic  material  carried  as  sediment  would  vary.  In  the  earlier 
ages,  such  as  Silurian  and  Devonian,  the  plant  life  was  in  a  low  stage  of 
development,  probably  mosses  and  ferns,  so  that  the  organic  sediment 
might  be  chiefly  spores  or  low  forms  of  plant  life;  in  later  times,  the  or- 
ganic sediment  might  be  leaves,  seeds  and  fibrous  material. 

As  the  water  of  rivers  and  streams  does  not  completely  mix  with  sea 
waters  for  some  distance,  part  of  the  organic  material  may  be  precipitated 
over  different  zones  of  marine  deposition  such  as  shales,  hmestone,  blue 
mud,  or  in  diatomaceous  areas.  Consequently  different  forms  of  marine 
life  would  be  found  in  the  organic  shales  varying  with  the  locahty  and  the 
geologic  age.  Thiessen^  has  found  spores  (probably  ferns)  in  the  Devon- 
ian shales,  but  mentions  a  darker  matrix  between  the  spores  which 
seemed  to  be  indefinite  except  for  a  little  cuticle.  He  calls  it  a  probable 
form  of  plant  degradation  and  assigns  a  probable  origin  of  oil  to  the 
spores.  Usually,  in  any  certain  organic  shale,  the  darker  portions  are 
richer  in  organic  and  oil  content.  The  spores  are  the  lighter  colored 
mass;  the  dark  material  contains  few  spores  or  remains,  but  seems  to  be  a 
homogeneous  mass  adapting  itself  to  the  spaces  between  the  plant 
material.  It  may  be  that  this  dark  unknown  plant  degradation  was 
formed  from  organic  material  in  the  form  of  humus  acids  precipitated  in 
the  organic  shales  and  carried  down  much  of  the  plant  sediment  in 
the  waters. 

Marcus  Goldman,^  in  his  preliminary  report  on  the  Bend  Series  of 
Texas,  says  that  the  dark  rich  organic  matter  of  the  dark  shales  and  limes 
often  has  a  flocculent,  amorphous  appearance  with  no  definite  plant  forms, 
which  is  not  explained;  this  material  may  be  the  coagulated  precipitate  of 
the  organic  humus  acids.  R.  H.  George^  found  that  many  rich  black 
shales  did  not  give  any  microscopic  studies  of  plant  life,  although  the 
brown  shales  usually  had  much  organic  evidence;  this  dark  material 
without  plant  forms  may  be  the  precipitate  of  humus  acids.  C.  A.  Davis 
in  his  personal  notes  mentions  the  jelly  like  mass  of  organic  material  in 
which  the  plant  remains  were  embedded.  Thus,  the  various  micro- 
scopic works  on  organic  sedimentary  deposits  seem  to  show  the  existence 

^  U.  S.  Bureau  of  Mines.     Report  on  Devonian  and  Other  Shales. 
^  U.  S.  Geo!.  Survey.     Report  on  Bend  Series  of  Texas. 
'  Oil  Shales  of  Colorado.     State  Geol.  Survey  of  Colorado. 
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of  an  amorphous,  jellylike,  rich  organic  material,  which  might  originate 
from  the  humic-acid  precipitate. 


Application  of  Theory  to  Inland  Lakes 

As  practically  all  commercially  valuable  deposits  of  petroleum  have 
been  found  in  marine  formations  or  in  close  association  therewith,  only 
brief  mention  was  made  of  precipitation  in  inland  lakes  and  that  alum, 
iron  sulfate,  gypsum,  and  other  salts,  particularly  of  the  heavy  metals, 
cause  the  precipitation  of  organic  humus  and  material. 

There  is  considerable  interest  in  the  oil-shale  deposits  of  lakes  in 
Colorado,  Utah,  and  Wyoming.  These  large  lakes  received  many 
thousand  feet  of  sedimentary  deposits  during  Eocene  time  and  the  soluble 
salts  probably  became  more  concentrated  than  in  the  stream  waters. 
The  sahne  condition  of  sea  water  probably  did  not  develop  but  iron  sul- 
fate, gypsum,  and  other  soluble  salts  were  present  to  cause  precipitation. 
The  presence  of  gypsum  seams,  iron  minerals  and  salines  in  the  Eocene 
beds,  together  with  oolitic  hme  deposits  similar  to  those  being  formed 
today  on  the  shores  of  Salt  Lake,  shows  possible  conditions  for  the  con- 
centration of  lake  waters. 

A  present-day  example  of  the  coagulation  of  organic  material  by 
alum  and  iron  salts  is  the  purification  of  drinking  water.  Iron  sulfate, 
alum,  or  certain  other  salts  placed  in  the  sand  of  the  filtering  bank  will 
cause  a  coagulation  of  the  organic  material  on  filter  beds  which  will 
collect  most  of  the  sediment.  This  coagulation  may  include  micro- 
scopic vegetable  material  and  coagulated  humus  acids  where  there  is 
much  vegetation  in  the  drainage  area.  The  general  chemical  phases  of 
deposition  of  the  Eocene  oil  shales  in  Colorado,  Utah,  and  Wyoming  seem 
to  indicate  that  the  organic  material  may  have  been  derived  from 
precipitation  of  humus  acids  in  the  inland  lake  waters. 

Application  op  Theory  to  Other  Oil  Occurrences 

There  has  been  considerable  difference  of  opinion  among  petroleum 
geologists  as  to  the  amount  of  organic  material  in  the  shales  or  limes 
necessary  to  produce  commercially  valuable  oil  deposits,  ranging  from  a 
small  thickness  in  the  Mid-Continent  to  many  hundred  feet  in  California. 
The  type  of  organic  material  may  have  considerable  effect,  and  the 
amount  of  coagulated  humus  in  the  brown  or  carbonaceous  sedimentary 
beds,  or  between  the  various  remains  of  marine  life,  may  have  some  bear- 
ing on  this  subject. 

There  are  many  productive  oil  areas,  similar  in  formation  and  struc- 
tural conditions,  adjacent  to  barren  areas.     Many  times  the  large  pro- 
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ductive  areas  seem  to  follow  certain  trends  and  then  stop,  although 
structural  and  formational  types  are  still  similar.  This  factor  is  open  to 
study  and  explanation.  Perhaps  the  areas  having  the  greatest  organic 
deposits  of  precipitated  material  will  have  the  greatest  production. 

Considering  the  occurrences  of  oil  in  connection  with  present-day 
humus  conditions  adjacent  to  the  sea,  the  discovery  of  oil  in  the  mud  of 
the  Gulf  of  Mexico  is  interesting.  Dr.  Harold  Turner  of  Johns  Hopkins 
University  did  some  microscopic  work  on  the  muds.  At  first,  the 
tendency  was  to  ascribe  the  origin  of  oil  to  the  diatoms.  However, 
the  mud  with  small  oil  globules  showed  chiefly  "macerated  organic 
material  mixed  with  grains  of  silica,"  while  other  barren  mud  samples 
showed  many  diatoms  and  related  life.  This  proved  to  Turner's  satis- 
faction that  the  oil  did  not  originate  from  the  marine  organisms.  In 
view  of  the  other  associations  of  mud  deposits  with  formation  of  oil,  it 
would  seem  that  the  oil  may  have  originated  from  the  organic  muds, 
probably  containing  the  humus-group  precipitate.  Seepages  in  the 
Gulf  are  possible,  but  the  method  of  oil  occurrence  is  more  favorable  to 
formation  of  oil  in  the  muds. 

J.  D.  Haseman  did  considerable  geological  work  at  a  point  on  the 
coast  of  Florida,  where  swampy  conditions  exist  adjacent  to  the  sea, 
and  from  the  evidence  of  deposition  concluded  that  asphalt  has  been 
formed  in  recent  geological  times  directly  from  the  geochemical  trans- 
formation of  humic  acid  in  presence  of  sea  water  and  various  electrolytes. 
If  this  condition  exists  locally,  the  possibihty  of  large  concentration  of  the 
humic-acid  group  by  river  waters  is  an  important  factor. 

In  California,  the  Tertiary  oil  deposits  occur  at  various  horizons,  and 
in  different  localities  probably  originate  from  organic  shales  ranging  from 
middle  Miocene  to  Eocene.  The  origin  has  been  assigned  to  animal 
and  vegetable  material  in  the  organic  shales.  While  the  latest  report^ 
puts  special  emphasis  on  the  diatoms  and  foraminifera,  still  there  are 
various  factors  to  be  considered.  The  pure  deposits  of  diatomaceous 
earth  in  the  upper  part  of  the  Kreyenhagen  (Oligocene)  are  usually  white, 
while  the  darker  colored  brown  shales  of  Kreyenhagen  and  Tejon  contain 
less  diatoms.  There  are  also  brown  organic  shales  in  the  Tejon  (Eocene). 
Since  nearly  white,  pure  deposits  of  diatoms  occur  elsewhere  similarly 
without  much  organic  stain,  the  diatom  alone  does  not  seem  the  true 
source.  Considering  Mid-Continent  conditions,  there  seems  to  be  suffi- 
cient organic  brown  shales  containing  probably  coagulated  amorphous 
organic  material  to  produce  the  oil,  and  the  diatoms  and  foraminifera 
in  the  same  and  associated  formations  indicate  rather  a  favorable  condi- 
tion for  their  growth  than  the  source  of  the  oil.  The  lack  of  commercially 
valuable  oil  deposits  north  of  Coahnga,  although  similar  diatomaceous 


*  Anderson  and  Pack:  U.  S.  Geol.  Survej'  Bull.  603. 
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and  foraminiferal  deposition  continues,  may  be  due  to  a  change  in  the 
brown  organic  shales  rather  than  the  lack  of  structural  conditions,  as  oil 
is  found  under  many  different  structural  conditions  in  California. 

CONCLUSIOX 

The  exact  method  by  which  various  organic  materials  are 
converted  into  oil  has  been  subject  to  radical  disagreement,  and  micro- 
scopic work  has  not  defined  the  exact  agencies.  Perhaps  the  coordina- 
tion of  chemical  and  microscopic  work  using  various  types  of  organic 
material  to  produce  the  humus-acid  group,  with  subsequent  precipitation 
and  treatment,  may  prove  matters  of  value  to  future  oil  exploitation. 
It  may  be  that  only  certain  types  of  organic  life  will  produce  the  desired 
reactions.  If  the  type  of  precipitate  was  definitely  ascertained,  it  might 
be  possible  to  predict  whether  an  organic  sedimentary  formation  was 
favorable  to  an  accumulation  of  petroleum.  The  quality  and  character 
of  the  petroleum  may  vary  according  to  the  particular  member  of  the 
humus-acid  group  precipitated;  the  rate  of  geochemical  changes  caused 
by  pressure,  heat,  presence  of  catalytic  agents;  and  filtration  of  the 
product. 

DISCUSSION 

S.  Linker,  New  York,  N.  Y.  (written  discussion). — In  speaking  of 
the  oil-shale  beds  of  the  West,  the  author  states  that  ''microscopic  studies 
of  the  shales  have  shown  that  while  pieces  of  plants,  pollen  grains,  seeds, 
and  spores  are  numerous  in  the  shale  with  low  oil  content,  the  rich  shales 
have  virtually  no  plant  or  organic  remains  but  apparently  have  some 
intermediate  organic  compound."  The  writer  has  found  that  the  amount 
of  organic  residue  varies  with  the  amount  of  mineral  matter  in  the  shale ; 
also  that  oil  shales  that  are  light  in  weight  have  more  organic  residue 
and  less  mineral  matter  than  the  heavier  varieties  of  oil  shales.  Distilla- 
tion tests  show  that  oil  shales  with  a  low  specific  gravity  yield  much  more 
oil  than  those  with  a  high  specific  gravity.  One  could,  therefore,  con- 
clude that  the  greater  the  amount  of  organic  residue,  the  higher  is  the 
yield  of  oil  on  distillation  of  the  shale.  This  conclusion  differs  with  the 
statements  of  the  author.  Dean  E.  Winchester  found  that  the  Green 
River  oil  shales  showing  the  larger  percentage  of  vegetable  debris 
}delded  the  most  oil,  and  vice  versa.  This  will  be  found  to  be  the  case 
with  oil  shales  of  other  localities. 

Colin  C.  Rae  (author's  reply  to  discussion). — In  the  statement 
quoted,  the  author  intended  to  convej^  the  idea  that  many  rich  shales  in 
Colorado  have  no  recognizable  plant  or  organic  remains,  but  have  an 
unidentified    organic    compound    called,   by  some  authors,   vegetable 
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debris,  plant  degradation,  vegetal  debris,  etc.,  which  resembles  the  pre- 
cipitate of  colloidal  humic  acids. 

It  is  hoped  that  his  paper  has  shown  the  importance  of  careful  micro- 
chemical  work  on  the  various  shales  associated  with  oil  deposits,  in  order 
that  the  source  of  part  or  all  of  the  oil  may  be  definitely  assigned  to  the 
unidentified  humic  ground  mass  or  to  the  various  identified  vegetal 
material. 
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Time  to  Pay  Out  as  a  Basis  for  Valuation  of  Oil  Properties 

By  W.  Ibwin  Moyer,  M.S.,*  Pittsbubgh,  Pa. 

(New  York  Meeting,  February,  1922) 

Two  methods  for  the  rapid  valuation  of  oil  properties  are  in  common 
use.  The  one  best  known  and  most  widely  used  is  the  "per  barrel" 
value,  based  on  the  present  daily  production  of  the  well,  without  regard 
to  its  past  performance  or  the  history  of  the  sand  or  pool  from  which  it 
produces.  The  second  method  is  the  "time  to  pay  out,"  or  the  lengt 
of  time  required  for  a  well  to  place  itself  upon  the  credit  side  of  the  ledger, 
from  which  time  the  returns  from  its  production  (less  the  operating 
expenses)  will  be  clear  profit. 

The  time  basis  for  valuation  is  also  commonly  used  in  the  appraisal 
of  an  undeveloped  lease.  In  most  oil  fields,  it  is  not  thought  good 
business  to  invest  in  production  that  will  not  pay  out  in  at  least  4  to  5 
years.  Nearly  all  buyers  (except  in  certain  regions  of  very  persistent 
production  like  the  deep-sand  territory  of  the  Appalachian  field)  expect 
wells  to  pay  out  in  considerably  less  time  than  this. 

Like  the  barrel-per-day  price,  the  time  necessary  for  a  well  to  pay  out 
has  been  determined  for  each  field,  so  that  one  frequently  hears  a  field  or 
district  referred  to  as  having  a  certain  time  to  pay  out.  This  is  considered 
the  norm  for  that  field  or  district  and  the  buyer  and  seller  base  their  value, 
to  greater  or  less  extent,  on  their  belief  in  the  accuracy  of  this  time. 

The  writer  long  ago  became  convinced  of  the  inaccuracy  of  the 
barrel-per-day  method,  except  when  greatly  modified  for  local  conditions, 
such  as  the  age  of  the  wells,  their  economic  limit,  operating  conditions 
in  the  field,  the  future  price  of  oil,  and  the  persistence  of  the  sand  as  a 
producer.  When  so  modified,  this  method  becomes  more  of  an  analytic 
or  predicted  probable-yield  valuation.  While  the  appraiser  may  not  go 
through  each  step  in  a  valuation  based  on  future  returnable  revenue,  his 
knowledge  of  the  field  and  the  local  conditions  surrounding  his  leases 
make  it  possible  for  him  to  estimate  a  fair  sales  value  that,  in  many  cases, 
will  be  a  close  approximation  to  the  truth.  This  is  quite  different  from 
she  commonly  understood  barrel-per-day  value,  in  that  the  conditions 
turrounding  the  sale  of  one  lease  or  property  at  a  fair  market  value  may 
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be  entirely  dissimilar  from  those  of  a  nearby  property  and  the  per-barrel 
price  of  the  first  property  will  form  no  criterion  of  value  for  the  second. 

The  present  paper  is  the  result  of  an  investigation  made  to  determine 
the  reliability  of  the  time  to  pay  out  as  a  basis  for  valuation.  The  data 
used  were  decline  curves  of  production  from  several  widely  scattered 
fields  in  the  United  States,  the  curves  being  compiled  from  the  production 
records  of  a  large  number  of  wells  in  the  same  field.  The  method  used 
was  as  follows:  For  any  one  field,  an  imaginary  well  was  assumed  to  have 
produced  a  given  amount  of  oil  during  the  first  year.  Estimating  that 
this  well  will  produce,  in  the  future,  an  amount  of  oil  corresponding  to  the 
decline  curve  of  the  field,  its  value  was  ascertained,  using  a  certain  fixed 
price  for  oil.  This  valuation  was  based  on  future  returnable  revenue, 
the  sum  of  the  annual  revenues  to  be  derived  from  sales  of  oil  from  the 
well  being  the  total  expected  revenue.  From  this  was  deducted  the 
original  drilling  cost  and  the  annual  operating  expense  for  as  many  years 
as  were  required  for  the  well  to  pay  out.  As  soon  as  the  revenue  received 
from  the  sales  of  oil  from  the  well  equalled  the  expense  of  drilling  and 
operating,  the  well  had  paid  out.  Thus,  in  the  Glenn  Pool,  if  a  well 
produced  10,000  bbl.  during  its  first  year,  oil  selling  at  $1,  estimating 
the  well's  future  capacity  from  the  decline  curve  of  the  field,  the  well 
will  not  pay  out  until  it  has  been  operated  for  2.6  yr.  from  the  date  of  its 
completion,  or  1.6  yr.  after  its  first  year.  A  similar  evaluation  was  then 
made  for  a  well  of  the  same  size  but  using  a  different  price  for  oil.  As  soon 
as  the  well  paid  out,  the  evaluation  was  concluded  as  only  the  time 
required  was  desired.  This  process  was  repeated  for  a  wide  range  in 
prices  of  oil.  The  production  of  the  well  was  then  varied  and  for  each 
variation  in  production  the  corresponding  time  to  pay  out  for  each  price 
of  oil  was  ascertained.  The  result  gave  a  considerable  variation  in  time, 
covering  a  large  range  of  annual  production  and  a  wide  fluctuation  in 
the  price  of  oil.  The  points  so  found  were  plotted,  using  annual  pro- 
duction as  ordinates  and  years  to  pay  out  as  abscissae;  the  price  per 
barrel  was  plotted  as  the  third  variable. 

In  aU  cases,  the  original  annual  production,  which  is  the  basis  for  the 
future  production  of  the  well,  and  hence  the  index  as  to  the  well's  time 
to  pay  out,  is  included  in  the  valuation  of  the  well.  Thus,  in  the  case  given, 
the  10,000  bbl.  produced  in  the  first  year  is  part  of  the  revenue  by  which 
the  well  pays  out.  Obviously,  it  is  not  necessary  to  have  the  entire 
year's  production  in  the  case  of  a  new  well.  From  the  records  of  previous 
wells  and  from  field  experience,  the  approximate  production  of  an  average 
well  can  be  foretold  by  the  production  of  its  first  few  days  or  months. 
While,  for  the  sake  of  clearness,  it  has  been  assumed  that  the  original 
annual  production  is  the  production  of  the  well  used  in  estimating  the 
time  to  pay  out,  it  is  not  necessary  that  the  well  be  a  new  one.  A  well 
may  have  produced  many  years  but  its  future  production  can  be  reason- 
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ably  ascertained  from  similar  wells  in  the  field,  therefore  its  time  to  pay 
out  can  be  estimated  the  same  as  a  new  well.  In  such  case,  however, 
the  well's  former  production  and  operating  expenses  will  be  added  to  its 
future  production  and  operating  costs. 

There  was  no  discount  made  for  the  depreciation  in  the  value  of  money 
returnable  in  future  years,  nor  was  there  any  account  of  the  almost 
inevitable  increase  in  the  price  of  oil  in  future  years;  these  two  factors  will 
tend  to  neutralize  each  other  to  some  extent.  To  have  discounted  all  the 
computations  necessitated  in  making  the  curves  would  have  been  unjusti- 
fiably onerous;  and  to  have  attempted  to  predict,  with  any  semblance  of 
accuracy,  the  future  trend  in  the  price  of  oil  would  have  been  far  from 
the  purpose  of  this  paper.  However,  both  these  factors  should  be  taken 
into  consideration  when  a  curve  is  to  be  used  as  a  basis  of  valuation  in 
actual  transactions. 
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Fig.  1. — North  central  West  Virginia  (Big  Injun  sand). 
Time  to  pay  out  for  oil  wells  having  a  yearly  production  of  from  800  to  6000  bbl., 
a  drilling  cost  of  $10,000,  and  an  annual  operating  expense  of  $400;  oil  sells  at  from  $2 
to  $6.50  a  bbl. 

Of  the  three  variables — price  per  barrel,  size  of  well,  and  drilling  and 
operating  costs — the  first  and  second  vary  much  more  widely  than  the 
third.  In  fact,  the  influence  of  drilling  and  operating  costs,  as  it  increases 
or  decreases  in  the  same  field,  was  so  slight  as  to  be  considered  negligible; 
so  all  valuations  were  made  and  the  time  to  pay  out  was  computed  by 
using  fixed  drilling  and  operating  costs.  These  costs  wiU  vary  in  time  for 
the  same  field  but  the  variation  will  in  no  case  greatly  influence  the 
time  to  pay  out.  To  demonstrate  this,  Fig.  5  has  been  drawn.  Using 
the  curve  of  the  Big  Injun  sand  production  of  north  central  West  Vir- 
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Fig.  2. — Glenn  oil  pool,  Okla. 
Time  to  pay  out  for  oil  wells  having  a  yearly  production  of  1500  to  16,000  bbl., 
a  drilling  cost  of  $15,000,  and  an  annual  operating  expense  of  $150;  oU  sells  at  from 
S0.75  to  $3.50  a  bbl. 
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Fig.  3. — Eastern  Osage  Oil  Pool,  Okla. 
Time  to  pay  out  for  oil  wells  having  a  yearly  production  of  800  to  40,000  bbl., 
drilling  cost  of  $15,000,  and  an  annual  operating  expense  of  $150;  oil  sells  at  from 
0.75  to  $3.75  a  bbl. 
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Fig.    4. — Salt  Creek  oil  pool,  Wyo. 
Time  to  pay  out  for  oil  wells  having  a  yearly  production  of  4000  to  36,000  bbl., 
a  drilling  cost  of  $20,000,  and  an  annual  operating  expense  of  $700;  oil  sells  at  from 
$0.50  to  $3.50  a  bbl. 
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Fig.  5. — North  central  West  Virginia  (Big  Injun  sand). 
Time  to  pay  out  for  oil  wells  having  a  yearly  production  of  2000  bbl.,  a  drilling 
cost  of  $10,000,  and  an  annual  operating  expense  of  from  $200  to  $1200  per  year:  oil 
sells  at  from  $2.50  to  $6.50  a  bbl. 
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ginia,  an  average  well  was  assumed  to  produce  2,000  bbl.  annually,  so 
the  price  per  barrel  was  plotted  against  the  annual  operating  cost  and  the 
time  to  pay  out  was  shown  as  the  third  variable.  The  operating  cost 
shows  a  negUgible  influence  when  compared  to  the  much  more  powerful 
variable  price  per  barrel.  Thus,  an  increase  in  operating  cost  from  $200 
to  $400  annually,  or  100  per  cent.,  in  a  well  that  requires  2}^  yr.  to  pay 
out,  corresponds  to  a  reduction  in  price  of  oil  from  $3.07  to  $2.96,  or 
only  3.98  per  cent.  In  a  well  that  requires  2  yr.  to  pay  out,  an  increase 
in  annual  operating  cost  from  $200  to  $1200,  or  500  per  cent,  (some- 
thing that  could  happen  only  under  the  most  unusual  conditions,  and 
certainly  for  only  a  very  brief  period) ,  corresponds  to  a  decrease  in  the 
price  of  oil  from  $3.95  to  $3.20,  or  75  cents,  a  cut  that  the  producer  has 
undergone  many  times  without  great  hardships. 

The  operator  seldom  realizes  the  inestimably  great  influence  the  oil 
market  has  on  his  business.  A  cut  of  25  cents  will  wipe  out  all  his  econo- 
mies in  the  field.  A  cut  from  $6.10  to  $2.25  (as  Pennsylvania  crude 
experienced  in  the  course  of  a  few  months)  may  reduce  a  property  from 
a  highly  profitable  to  a  heavily  losing  one.  It  is  this  influence,  as  much 
as  the  imcertain  nature  of  the  mineral  deposits,  that  makes  the  production 
of  oil  such  an  aleatory  occupation. 

The  curves  given  in  Figs.  1  to  4  show  a  marked  similarity  to  one 
another  and  the  curves  of  all  the  fields  studied  are  of  about  the  same 
shape.  However,  the  required  time  for  the  different  fields  varies  exceed- 
ingly. Tables  1  to  3  show  the  variation  in  the  time  to  pay  out  in  the 
various  fields  and  under  market  conditions  as  they  existed  in  the  high- 
price  period  of  1920,  the  spring  of  1921,  and  the  period  of  depression 
during  the  summer  of  1921. 

A  few  conclusions  from  the  curves  and  tables  are  possible: 

1.  The  time  to  pay  out  varies  in  all  fields. 

2.  For  different  fields,  the  decline  curve  is  an  important  source 
of  variation. 


Table    1. — Time  to  Pay   Out  Under  Prices  for  Oil  Prevailing  During 

Summer   of   1920 

(Pennsylvania  crude,  $6.10;  Mid-Continent,  $3.50;  Salt  Creek,  $2.75) 


Field 

Size  of  Well,  in  Barrels  (Original  Annual  Production) 

1000 

1600 

2000 

3000 

4000 

6000 

10.000 

1 
15.000  30.000 

North  central  West   Virginia 

Glenn  pool.  Okla 

2.5 

12.5 

6.1 

m 

1.3 
3.5 
3.2 

0.9 
2.2 
2.2 

• 

0.7 
1.6 
1.7 

a 

0.4 
1.2 
1.4 
2.0 

0.3 
0.7 
0.8 
1.3 

0.4 
0.5 
0.8 

0.3 

East  Osage.  Okla 

0.3        0.1 

Salt  Creek,  Wyo 

0.5  1     0.25 

Data  not  available. 
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Tabi^e  2.~Time  to  Pay  Out   Under  Prices  for  Oil  Prevailing   During 

Spring  of  1921 

{Pennsylvania  crude,  $3.50;  Mid-Continent,  $1.50;  Salt  Creek,  $1.15) 


Field 


Size  of  Well,  in  Barrels  (Original  Annual  Production) 
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Table  3. — Time   to  Pay   Out  Under  Prices  for  Oil  Prevailing  During 

Summer  of  1921 

{Pennsylvania  crude,  $2.25;  Mid-Continent,  $1.00;  Salt  Creek,  $0.50) 


Field 

Size  of  Well,  in  Barrels  (Original  Annual  Production) 

1000 

1600 

2000 

3000 

4000      6000 

10,000 

15,00o|30,000 

North  central  West  Virginia 

b 
b 

b 
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b 
b 
b 
b 

b 
b 
b 
b 

2.1 
b 
b 

b 

1.3 

6 

t 

b 

0.8 
7.5 
9.6 
11.4 

2.6 
3.6 
5.8 

1.1 
1.4 
3.8 

0.6 

Salt  Creek,  Wyo 

1.6 

"  Data  not  available. 
'  Well  will  not  pay  out. 

Blank  spaces  indicate  the  well  will  pay  out  at  less  time  than  nearest  figure  to  left  but  accurate  data 
are  not  available. 


3.  For  the  same  pool  or  field,  of  the  factors  that  vary,  the  time  to  pay 
out,  sale  price  for  oil  and  size  of  well  are  most  important;  of  much  less 
importance  are  drilling  and  operating  costs. 

4.  When  properly  modified  for  these  variations,  by  use  of  a  series  of 
time-to-pay-out  curves,  based  on  the  decline  curve  of  the  field,  the  method 
is  of  value  either  as  a  supplement  to  a  detailed  appraisal  or  as  a  check 
on  a  rapid  approximate  valuation. 

5.  The  method  may  be  used  in  connection  with  a  barrel-per-day  value 
with  much  less  likelihood  of  error  than  as  though  the  barrel  per  day  is 
based  on  the  flush  production  of  the  well.  After  the  well  has  paid  out, 
its  production  will  be  settled  to  a  degree  permitting  a  more  liberal  use 
of  the  flat  barrel  price. 

6.  The  curves  show  at  a  glance:  The  minimum  size  of  paying  wells; 
the  minimum  sales  price  for  oil  on  which  average  wells  can  be  drilled; 
the  influence  on  profits  of  a  fall  or  rise  in  price  for  oil. 
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DISCUSSION 

H.  J.  Smith,  Winchester,  Ky.  (written  discussion). — No  rule  can  be 
depended  on  for  placing  valuations  on  oil  properties,  with  the  possible 
exception  of  the  Pennsylvania,  or  as  it  is  commonly  known  the  Appa- 
lachian field.  In  most  oil  fields,  value  is  generally  figured  on  the  barrel 
basis,  which  I  believe,  will  continue  to  be  the  basis,  but  it  is  folly  to  think 
that  all  properties  in  any  particular  field  should  be  priced  on  the  same  per- 
barrel  basis,  as  there  are  so  many  items  that  enter  into  the  problem. 

The  time  to  pay  out,  of  course,  really  places  the  value  of  the  property; 
all  oil  pools  have  a  depletion  curve  and  there  is  a  time  when  the  curve 
will  be  so  low  that  it  will  be  impossible  to  produce  the  oil  at  a  profit. 

There  seems  to  be  a  difference  of  opinion  as  to  when  a  well  has  reached 
what  is  called  "settled  production."  In  the  writer's  opinion  a  well  is  not 
settled  until  production  stops  its  abrupt  decline  and  becomes  somewhat 
stationary.  This  generally  takes  place  after  the  well  is  12  months  old, 
but  no  general  rule  can  be  followed  as  each  well  has  its  individuality. 
This  is  one  of  the  most  important  points  in  the  writer's  opinion.  Also 
the  part  of  the  pool  in  which  the  property  is  located,  must  be  con- 
sidered as  well  as  the  thickness  of  the  pay  sand,  proximity  of  saltwater, 
and  the  possible  depth  of  lower  sands  which  would  increase  the  value  with 
a  potential  possibility. 

To  obtain  a  basis  on  which  to  value  oil  properties,  many  things  must 
be  considered,  among  which  are  the  following: 

1.  In  what  sand  is  the  oil  found,  its  longevity,  and  thickness  of 
pay  sand? 

2.  What  were  the  rock  pressure  and  gas  volume  when  the  well 
was  drilled  in? 

3.  Did  well  flow  when  drilled  in  and,  if  so,  how  long  did  it  produce 
without  pumping? 

4.  What  was  the  initial  production,  and  what  does  the  well  now 
produce? 

5.  What  is  the  age  of  the  weU? 

6.  What  are  the  salt-water  conditions? 

7.  How  near  to  the  center  of  the  pool  are  the  wells? 

8.  How  far  apart  are  the  wells  drilled? 

9.  Are  the  wells  and  leases  properly  equipped? 

10.  Has  the  property  been  operated  by  experienced  oil  operators? 

So  far  as  known,  the  sands  that  have  produced  for  the  longest  period 
of  time  are  the  Appalachian.  In  Kentucky,  most  of  the  production  is  in 
the  Corniferous.  The  oil  sands  of  Ilhnois,  Indiana,  Kansas,  and  Okla- 
homa will  produce  a  long  time,  while  pools  in  Louisiana  and  Texas  are  of 
shorter  life. 

The  next  subject  that  must  be  considered  is  the  equipment,  so  as  to 
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determine  the  amount  of  money  necessary  to  get  the  best  results  from 
the  property. 

By  knowing  the  age  of  the  wells  and  the  initial  production,  a  curve  can 
be  established  to  show  the  rate  of  depletion,  from  which  an  idea  as  to  the 
life  of  the  wells  can  be  formed.  In  connection  with  this  the  location 
in  the  pool  must  be  considered,  as  well  as  the  thickness  of  the  pay  sand, 
whether  the  wells  came  in  as  gushers  flowing  by  gas  pressure,  salt-water 
conditions,  the  proximity  of  the  wells,  and  whether  the  property  has  been 
properly  handled  by  experienced  operators. 

Another  item  that  enters  into  the  valuation  is  drillable  acreage;  it  is 
generally  assumed  that  only  production  is  bought,  with  the  drillable 
acres  and  potential  value,  and  should  be  valued  separately.  Therefore 
it  would  be  necessary  to  take  into  consideration  the  lifting  expense  to 
arrive  at  a  value  of  the  property  and  not  the  new  production  that  would 
be  brought  in  by  drilling  because  in  that  case  one  could  never  arrive  at 
anything  but  a  potential  value.  In  this  case  the  cost  of  drilling  the  wells 
would  not  make  any  difference,  only  what  it  will  cost,  per  barrel,  to  pro- 
duce by  careful  experienced  oil  operators,  and  how  long  the  wells  will  pro- 
duce in  paying  quantities  as  the  lease  will  some  time  be  fully  developed. 

Other  important  factors  are  the  quality  or  grade  of  oil  and  price. 
A  well  will  produce  only  a  given  number  of  barrels  per  day,  so  in  fixing  a 
valuation  the  market-price  fluctuations  must  be  considered.  The  same 
value  cannot  be  placed  on  one-dollar  oil  and  five-dollar  oil,  so  a  medium 
mark  must  be  used  as  a  basis. 

My  experience  has  shown  that  in  estimating  values  it  should  be 
expected  that  the  properties  will  pay  out  in  not  over  four  years.  Of 
course,  if  the  potential  values  are  to  be  considered,  they  must  be  arrived 
at  by  another  method — the  valuation  of  proved  territory,  which  will  take 
into  consideration  the  drilling  equipment;  but  as  at  some  time  the  prop- 
erty will  be  fully  developed,  it  is  essential  to  separate  the  values;  that  is, 
the  one  on  production  and  the  other  on  proved  territory. 

Properties  have  been  so  grossly  mismanaged  in  many  instances  that 
management  must  be  considered  in  making  a  valuation. 
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Production  Problems  in  the  Grass  Creek  Oil  Field 

By  Edward  L.  Estabrook,*  Casper,  Wyo. 

(New  York  Meeting,  February,  1922) 

This  paper  gives  a  brief  account  of  the  geologic  and  production 
problems  encountered  in  the  Grass  Creek  oil  field,  the  methods  used  in 
their  solution,  and  the  beneficial  results  obtained  from  the  work.  The 
author  wishes  to  acknowledge  the  assistance  received  from  J.  H.  Pearson 
and  Miss  Ninettta  A.  Davis  in  the  collection  of  the  data  and  the  prepara- 
tion of  the  cross-sections.  Permission  for  its  pubhcation  was  given  by  the 
officials  of  the  Midwest  Refining  Co.  and  the  Ohio  Oil  Co. 

The  Grass  Creek  oil  field  is  located  in  Ts.  98-99  W.,  R.  46  N.,  Hot 
Springs  County,  Wyo.  The  productive  area  includes  about  23^  mi. 
(4  km.)  on  the  apex  of  a  great  anticlinal  fold  occupying  more  than  150  sq. 
mi.  Fig.  1  shows  the  structural  contours  of  the  field.  Oil  was  dicovered 
in  the  field  in  June,  1914;  development  proceeded  rapidly  and  production 
rose  to  a  maximum  in  1918.  The  marketed  production  has  been  approxi- 
mately as  follows : 

Barrels  Barkelb 

1915 94,073.5  1918 2,946,774.27 

1916 1,404,183.97  1919 2,000,584.84 

1917 2,780,697.51  1920 1,485,080.94 

About  350  weUs,  800  tb  1500  ft.  (243  to  457  m.)  deep,  have  been  drilled 
to  reach  the  upper  oil  sands;  two  companies,  the  Ohio  Oil  Co.  and  the 
Midwest  Refining  Co.,  operate  the  entire  field. 

The  principal  producing  sands  in  the  field  are  members  of  the  Frontier 
Formation,  a  series  of  sands  and  shales  occuring  in  the  upper  portion  of 
the  Colorado  Group  of  the  Upper  Cretaceous  series.  These  Frontier, 
or  "Wall  Creek"  sands  are  also  productive  in  the  Salt  Creek,  Big  Muddy, 
and  Elk  Basin  fields  and,  therefore,  are  much  the  most  important  reser- 
voirs of  light  oil  in  Wyoming.  At  Grass  Creek,  the  sands  in  the  Forma- 
tion are  more  numerous  than  in  the  other  fields  and  much  less  uniform 
in  thickness  and  character.  Usually,  eight  distinct  beds  are  encountered 
and  in  some  wells  twelve  sands  have  been  reported.    The  formation  above 

*  Petroleum  Production  Engineer,  Midwest  Refining  Co. 
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the  Frontier  is  a  firm  shale  through  which  an  "open  hole"  will  stand  for 
hundreds  of  feet,  if  the  walls  are  kept  dry.  In  a  wet  hole,  troublesome 
caves  start  from  streaks  of  bentonite,  a  mineral  that  readily  absorbs 
water,  expands,  and  breaks  down  to  a  soft  mud. 
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Fig.  1. — Grass  Creek  oil  field. 


The  upper,  or  First,  sand  in  the  Frontier  Formation  is  reached  at 
depths  varying  from  about  350  ft.  (106  m.),  in  the  center  of  the  field,  to 
1000  ft.  (304  m.)  at  the  extreme  edge.     It  ordinarily  contains  water  in 
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moderate  amounts,  but  sometimes  is  so  shaly  and  close-grained  that  very 
little  water  entered  the  well  and  it  is  reported  in  the  logs  as  "  dry."  In  the 
southeastern  part  of  the  field,  its  development  appears  to  be  irregular  for 
many  well  logs  do  not  record  its  presence.  The  Second,  Third,  Fourth, 
and  Fifth  sands  produce  gas  in  a  small  area  at  the  apex  of  the  dome  and 
oil  over  the  rest  of  the  field.  The  Sixth,  Seventh,  and  Eighth  sands  are 
oil  bearing  over  the  entire  field.  All  of  these  sands  contain  water  on  the 
flanks  of  the  anticline  outside  of  the  oil-producing  area.  The  relative 
positions  of  the  water  lines  (the  oil-water  contact)  in  the  different  sands 
have  not  been  accurately  determined,  but  the  information  available  indi- 
cates no  wide  variation  between  them  except  in  the  Fifth  sand.  At  the 
north  end  of  the  field,  water  is  found  in  that  sand  at  least  200  ft.  (61  m.) 
structurally  above  the  water  line  in  the  other  sands.  Some  of  the  first 
producing  wells  encountered  three  oil  sands  and  then  found  water  in  the 
Fifth  sand,  so  a  rule  was  formulated  that  wells  should  be  stopped  after 
reaching  the  third  oil  sand. 

The  application  of  this  "three  sand"  rule  is  responsible  for  the  confu- 
sion in  identifying  the  different  sands,  and  for  many  of  the  water  troubles 
in  the  field.  The  difficulty  arose  through  the  fact  that  a  well  drilled 
in  an  area  of  about  100  acres  around  the  apex  of  the  anticline  encountered 
several  small  gas  sands,  after  passing  through  the  water  sand,  and  then 
found  three  good  oil  sands;  while  a  well  ^  mi.  out  would,  at  about  the 
same  depth,  have  encountered  a  water  sand  and  then  three  good  oil  sands. 
Drillers  accustomed  to  the  gentle  dips  of  the  Mid-Continent  fields  quite 
naturally  considered  that  the  three  producing  sands  in  each  well  were 
identical  and  they  were  accordingly  named  the  First,  Second,  and  Third 
sands.  The  water  and  gas  sands  were  thought  to  be  Strays.  Actually, 
the  water  sand  encountered  in  both  wells  was  the  First  sand  of  the  Fron- 
tier Formation,  the  gas  sands  of  the  first  well  w^ere  the  oil  sands  of  the 
second,  and  the  oil  sands  of  the  first  were  not  reached  by  the  second  well. 
The  well  on  the  crest  of  the  anticline  had  penetrated  the  entire  series  of 
Frontier  sands,  while  the  well  on  the  flanks  was  only  half  way  through 
them.  Intermediate  wells  encountered  the  first  oil  sands  progressively 
higher  in  the  Formation  and  were  stopped  after  reaching  the  third 
oil  sand. 

The  fact  that  many  of  the  wells  did  not  penetrate  all  of  the  oil  sands 
in  the  Frontier  Formation  was  noted  in  a  report  on  the  field  by  D.  F. 
Hewett,^  in  1917,  but  his  findings  did  not  receive  the  attention  they 
deserved.  In  the  course  of  some  work  on  a  revised  structure-contour  map 
of  the  field,  during  the  winter  of  1919,  the  writer  arrived  independently 
at  the  same  conclusion.     A  comparison  of  graphic  logs  made  it  evident 

1  D.  F.  Hewett  and  C.  F.  Lupton:  Anticlines  of  the  Southern  Part  of  the  Bighorn 
Basin.  U.  S.  Geol.  Survey.     BuU.  656,  (1917)  154. 
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that  a  large  percentage  of  the  wells  would  tap  additional  productive  sands 
if  deepened  from  10  to  150  ft.  Where  the  lowest  sand  in  the  Frontier 
Formation  had  been  reached  in  wells  on  the  crest  of  the  anticline,  it  had 
been  found  to  be  the  most  productive  member  in  the  group ;  yet  over  the 
greater  part  of  the  field  it  had  not  been  touched.  The  fact  that  the  pro- 
duction of  the  field  had  fallen  off  rapidly  during  1919  gave  added  impor- 
tance to  the  possibility  of  obtaining  oil  in  the  lower  sands. 

The  decline  in  the  production  of  oil  from  the  field  had  been  accompanied 
by  an  increase  in  the  amount  of  water  being  pumped  from  the  wells. 
This  was  interpreted  as  the  usual  encroachment  of  edge  water  as  the  oil 
was  removed  from  the  sands,  and  to  be  indicative  of  the  early  exhaustion 
of  the  pool.  A  brief  study  of  the  situation  showed  that  although  edge 
water  was  appearing  in  certain  wells  near  the  outer  limit  of  production, 
the  greater  part  of  the  water  being  pumped  had  some  other  origin.  This 
conclusion  was  established  by  the  fact  that  wells  at  the  top  of  the  anti- 
cline were  producing  considerable  quantities  of  water,  while  wells  much 
lower  structurally  were  yielding  clean  oil  from  the  same  sands.  The 
explanation  appeared  to  be  that  water  from  the  First  sand  was  entering 
the  wells  by  leakage  through  defective  shut-offs  or  by  crisscrossing  from 
well  to  well  through  some  of  the  upper  sands  that  had  not  been  protected 
by  casing. 

In  casing  the  wells,  the  practice  of  the  field  has  varied.  In  the  gas- 
bearing  area,  a  short  10-in.  conductor  was  used  and  an83-^-in.  string  landed 
"in  formation"  below  the  water  sand.  The  6^-in.  casing  was  set  with  a 
rubber  wall  packer  in  the  top  of  the  First  oil  sand  and  the  gas  confined  by 
a  bradenhead  between  the  6^-in.  and  the  83^-in.  Oil  was  produced 
through  the  6^^-in.  Outside  of  the  gas  area,  some  companies  used  the 
834-in.  casing  to  shut  off  the  water  in  the  First  sand  while  drilling  was  in 
progress  and  then  'ulled  it  after  the  6^^-in.  had  been  landed  on  the  First 
oil  sand.  Other  operators  used  a  short  83K^-in.  conductor  and  ran  only  an 
"oil  string"  of  6^^-in.  casing,  which  was  set  in  formation  or  landed  with  a 
packer  at  the  top  of  the  First  oil  sand.  As  the  so-called  First  oil  sand 
was  seldom  the  same  sand  in  two  adjacent  wells,  the  casing  point  was 
equally  varied.  The  situation  is  illustrated  in  Fig.  2.  In  other  wells, 
the  casing  had  been  carried  through  several  of  the  upper  oil  sands,  where 
they  happened  to  be  only  slightly  productive,  and  was  set  on  top  of  the 
first  highly  productive  sand. 

These  discrepancies  in  the  location  of  the  shut-off  in  adjoining  wells 
permitted  the  water  from  the  top  sand  to  pass  down  outside  of  the  casing 
to  the  point  at  which  the  packer  was  set  and  to  enter  any  of  the  inter- 
mediate sands  exposed  in  the  hole  above  that  point.  In  Fig,  2,  wells 
Nos.  7  and  14  on  the  Ehrhch  lease,  and  No.  8  on  Meeteetse  15,  illustrate 
this  condition.  Water  from  the  first  sand  in  Well  No.  7  could  pass  down 
outside  of  the  6%-m.  casing  and  entering  the  fifth  sand  cross  over  into 
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wells  Nos.  8  and  14.  In  addition  to  water  entering  the  wells  by  circulating 
through  unprotected  sands,  it  seemed  probable  that  leakage  of  top  water 
past  the  packers  as  they  deteriorated  with  age  was  increasing.  This 
small  amount  of  water  was  not  thought  to  do  any  great  harm  but  it  cer- 
tainly did  no  good  and  threatened  greater  injury  when  the  channels 
enlarged  and  permitted  its  entrance  in  larger  amounts.  Meanwhile, 
pumping  water  with  the  oil  was  increasing  the  lifting  costs  and  making 
it  necessary  to  steam  the  oil  before  delivery  to  the  pipe-line. 

In  order  to  show,  with  the  greatest  possible  clearness,  the  position  of 
the  casing  in  each  well  and  the  depth  to  the  sands  that  had  not  been 
reached,  a  set  of  cross-sections  similar  to  that  shown  in  Fig.  2  were 
prepared,  to  include  every  well  in  the  field.  The  sections  were  made  on 
tracing  cloth  to  a  scale  of  100  ft.  to  the  inch.  They  show  the  sands 
encountered,  their  contents,  data  concerning  shooting,  the  amount 
of  casing  used,  and  all  other  relevant  information.  The  search  through 
old  driUing  records,  compihng  the  information,  putting  it  on  the  cross- 
sections,  and  checking  and  rechecking  to  insure  its  correctness,  was  a  work 
of  months. 

The  correctness  of  the  conclusion  that  there  were  pay  sands  that  had 
not  been  reached  by  many  of  the  wells  was  tested  by  drilling  well  No.  18 
on  the  Ridgley  lease  in  the  southern  half  of  the  southeast  quarter  of 
section  19.  This  well  was  put  down  through  all  the  sands  of  the  Frontier 
Formation  and  each  one  tested  for  its  content  of  oil  and  water.  The 
First  sand  was  found  to  be  water-bearing  as  usual;  the  Second,  which 
had  been  an  oil  sand  when  the  surrounding  wells  were  first  drilled,  was 
partly  filled  with  water;  the  Third  and  Fourth  sands,  which  had  been 
yielding  oil  in  offset  wells  for  several  years,  were  still  light  producers; 
the  four  lower  sands,  which  had  not  been  reached  in  the  vicinity,  gave 
an  initial  production  of  90  bbl.  in  24  hr.  when  pumped  on  the  beam. 
Seven  months  later,  nine  wells  out  of  the  eighteen  on  this  lease  had  been 
deepened  and  the  production  had  increased  250  per  cent.  Similar 
results  are  being  obtained  on  other  leases  in  the  field. 

The  problem  of  stopping  the  circulation  of  water  from  the  First  sand 
downward,  and  later  through  unprotected  sands,  appeared  to  be  one  of 
great  difficulty  if  undue  expense  was  to  be  avoided.  It  was  impossible 
to  replace  the  83^-in.  water  strings  that  had  been  pulled,  and  the  6%-in. 
casing  could  not  be  reset  without  moving  on  a  heavy  drilling  machine  at 
considerable  expense.  Field  superintendents  R.  B.  Miller,  of  the  Ohio 
Oil  Co.,  and  L.  L.  Bechtel,  of  the  Midwest  Refining  Co.,  evolved  a  cheap 
simple  remedy  for  the  situation.  A  small  galvanized  iron  tank  was 
moved  to  the  well,  a  thick  fluid  mud  was  mixed,  and  then  poured  into  the 
well  around  the  outside  of  the  oil  string.  A  well  in  which  the  83^-in. 
water  string  had  been  used  and  pulled  and  in  which  there  had  been  no 
serious  caving  would  hold  around  the  6%-in.  oil  string  about  1  bbl.  of 
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mud  to  20  ft.  of  hole.  If  a  well  took  the  expected  quantity  of  mud,  it 
was  assumed  that  there  had  been  no  great  amount  of  caving  and  that 
the  mud  had  filled  all  of  the  open  space  around  the  outside  of  the  6%-in. 
casing.  If  the  level  of  the  mud  fluid  lowered  slowly  in  the  hole  and  yet  no 
mud  was  pumped  out  with  the  oil,  it  was  assumed  that  the  mud  was 
slowly  entering  and  sealing  the  sands  exposed  in  the  hole  and  into  which 
the  water  from  the  First  sand  might  be  entering.  More  mud  was  added 
until  the  space  around  the  casing  remained  full.  Occasionally  the  mud 
appeared  at  once  in  the  oil,  showing  that  the  casing,  the  packer,  or  the 
formation  shut-off  were  defective  and  that  water  from  the  First  sand 
was  free  to  pass  directly  down  the  hole  into  the  oil-bearing  sands.  To 
repair  such  wells,  it  will  be  necessary  to  pull  the  casing,  set  on  a  new  seat, 
and  remud.  In  other  wells,  the  hole  outside  of  the  6^-in.  casing  was 
found  to  be  clogged  with  cavings  or  other  material  and  very  little  mud 
could  be  poured  into  it;  nothing  can  be  done  to  these  until  a  machine  can 
be  moved  on  to  handle  the  casing.  There  are  so  many  wells  to  be 
deepened  and  repaired  that  the  order  in  which  they  are  worked  upon  is 
determined  by  their  condition.  When  the  casing  situation  and  the 
presence  of  water  with  the  oil  in  surrounding  wells  indicates  that  any 
particular  well  is  feeding  water  into  the  sand,  attention  is  given  to  it  as 
early  as  possible.  The  mudding  is  being  carried  on  during  odd  times  by 
the  well-pulling  crews  and  substantial  decreases  have  been  noted  in  the 
quantity  of  water  being  pumped  with  the  oil  on  various  leases.  No 
rubber  packers  are  used  in  this  repair  work,  for  their  value  is  only  tem- 
porary and  it  is  desired  that  the  work  being  done  shall  endure  as  long  as 
the  field  lasts. 

The  work  outhned  involves  the  deepening  and  repairing  of  about  280 
wells,  and  its  accomplishment  will  require  several  years,  especially  as  its 
progress  has  been  delayed  by  the  depression  in  prices  of  oil.  Enough  has 
already  been  done  to  demonstrate  that  there  are  substantial  reserves  of 
oil  in  the  Grass  Creek  field  that  can  quickly  be  made  available  when 
needed.  The  entrance  of  top  water  into  the  oil  sands  is  being  cheaply 
and  effectively  stopped,  and  the  only  serious  problem  in  the  future  will  be 
the  handling  of  the  weUs  during  the  gradual  encroachment  of  the  edge 
water.  If  the  rising  edge  water  in  each  sand  can  be  confined  to  its  own 
sand  body  and  prevented  from  flooding  the  adjoining  sands,  it  will  be 
possible  ultimately  to  recover  a  large  percentage  of  the  oil  content  of  the 
field.  The  water  rising  up  the  sides  of  the  anticline  under  its  natural 
hydrostatic  pressure  will  graduafly  clear  the  sand  pores  of  all  of  the 
recoverable  oil  and  carry  it  toward  the  apex  of  the  dome_,  where  a  few 
wells  will  continue  to  produce  until  the  field  is  entirely  exhausted.  Con- 
siderable quantities  of  oil  might  be  lost  if  water  from  one  sand  floods 
another  and  bodies  of  oil  sand  between  wells  become  entirely  surrounded 
by  water.     The  greater  fluidity  of  water  is  likely  to  cause  the  rising  flood 
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of  edge  water  to  pass  around  such  an  isolated  body  of  oil  sand  and  leave 
it  undisturbed. 

The  study  of  the  problem  of  handling  to  the  best  advantage  this 
advance  of  edge  water  must  be  carried  on  during  the  progress  of  the  work 
of  deepening  and  of  resetting  casing  that  has  been  described  above. 
Whenever  edge  wells  are  drilled  or  worked  on,  the  sands  must  be  tested 
for  their  oil  or  water  content  and  the  productive  sands  protected  from  the 
water  of  the  exhausted  sands.  Gradually,  information  will  be  obtained 
that  will  make  it  possible  to  determine  in  advance  of  work  which  sand 
in  any  edge  well  is  yielding  water  and  which  should  still  produce  clean 
oil.  As  they  become  exhausted,  the  sands  should  be  cased  or 
mudded  off  in  succession  until  every  oil  sand  in  the  field  has  been 
completely  drained. 
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Subsurface  Conditions  on  Portion  of  Arches  Fork  Anticline 

Bt  Kenneth  Cottingham,  Columbus,  Ohio 

(New  York  Meeting,  February,  1922) 

The  area  described  herein  is  situated  on  what  is  known  as  the  Arches 
Fork  anticline  in  Roane  and  Calhoun  Counties,  W.  Va.  When  the  area 
was  first  mapped,  it  was  felt  that  well  records  would  give  a  more  intimate 
idea  of  conditions,  both  structural  and  lithologic,  than  could  be  expected 
from  surface  horizons.  The  surface  formations  are  chiefly  members  of 
the  Monongahela  series,  though  northward  the  hilltop  outcrops  are  those 
of  the  Dunkard.  Neither  series  offers  a  key  horizon  sufficiently  definite 
to  be  satisfactory,  although  the  structure  as  determined  from  well  records 
was  later  checked  against  two  of  the  more  persistent  surface  sandstones. 

In  mapping  the  subsurface  structure,  the  top  of  the  Big  Lime  (Green- 
brier) was  employed  as  the  key  horizon.  The  average  depth  to  the  top 
of  the  Big  Lime  varies  from  1600  to  2000  ft.  (487  to  609  m.),  while  the 
average  thickness  as  indicated  by  well  records  is  113  ft.  (34  m.).  The 
oil-producing  formation  is  the  Big  Injun,  lying  just  below  the  Big  Lime. 
In  two  instances,  well  records  show  the  Lime  and  Injun  separated  by  a 
few  feet  of  "break."  The  Big  Injun  is  recorded  as  having  a  variable 
thickness.  Seven  logs  report  it  as  missing  and  one  gives  it  the  maxi- 
mum thickness  of  105  ft.  (32  m.),  while  the  entire  average  for  thickness  is 
19  ft.  (6  m.). 

Relation  of  Structure  to  Thickness  of  Big  Injun 

The  seven  wells  reporting  the  Big  Injun  as  absent  were  located  near 
the  anticHnal  axis.  Moreover,  the  general  tendency  is  a  thickening  of 
the  Injun  on  the  flanks  of  the  anticline,  increasing  with  distance  from  the 
axis.  Manifestly,  this  apparent  anomaly  has  no  stratigraphic  basis, 
as  the  actual  thickness  of  the  Big  Injun  and  the  overlying  Big  Lime  was 
determined  by  original  deposition  which  no  amount  of  subsequent  folding 
could  appreciably  alter.  Fig.  1  is  a  skeleton  map  of  structure  based  on 
the  top  of  the  Big  Lime;  Fig.  2  is  a  cross-section  showing  the  thickness  of 
the  Big  Injun. 
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Fia.  1. — Stbucture  top  of  Big  Lime.    Contour  interval,  20  ft.;  datum,  1000 

FT.  BELOW  SEA  LEVEL. 
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The  recorded  thickness  of  the  Big  Injun  seems  to  have  been  based  on 
the  degree  of  "show"  as  an  oil  sand  rather  than  on  the  actual  amount  of 
sand  present.  Extreme  thicknesses  of  Injun,  such  as  those  in  excess 
of  40  ft.  (12  m.),  are  undoubtedly  in  part  Big  Lime.  On  the  other  hand, 
when  the  Injun  is  reported  absent,  the  inference  is  that  it  was  included 
as  part  of  the  Big  Lime.  It  would  seem  that  two  formations  as  distinct 
as  the  Big  Lime  and  Big  Injun  could  hardly  be  confused;  yet  the  tendency 
to  so  interpret  conditions  cannot  be  charged  to  inadvertence  nor  error 
where  several  different  operators  are  concerned,  and  when  the  develop- 
ment was  carried  on  over  a  period  of  20  years. 

It  may  be  assumed  that  the  Big  Injun  is  more  regular  in  thickness 
than  the  logs  indicate,  also  that  the  actual  thickness  of  the  Big  Injun 
bears  no  such  direct  relation  to  structure.  Fig.  2,  rather  than  defining 
the  true  thickness  of  the  sand,  may  indicate  the  attitude  and  capacity  of  a 


Fig.  2. — Cross-sections  A-B  and  C-D. 


former  reservoir  from  which  the  oil  has  retreated  with  a  subsidence  of  the 
water  level.  The  sand  map.  Fig.  3,  shows  that  the  apparent  thickening  of 
the  sand  west  of  the  'no-sand  area'  balances  the  amount  of  dip  on  that 
side  of  the  structure.  Plotted  in  cross-section,  it  shows  the  base  of  the 
Injun  dipping  conformably  with  the  top  of  the  Big  Lime,  while  the  top  of 
the  Injun  remains  nearly  level.  This  upper  level  undoubtedly  lies  in  the 
basal  portion  of  the  Big  Lime. 

The  no-sand  area  is  slightly  east  of  the  anticlinal  axis.  Likewise,  the 
oil  sand  is  asymmetrical  with  respect  to  the  structure,  being  thicker  at  a 
given  distance  on  the  western  flank  of  the  fold  and  lying  structurally 
lower  on  the  eastern  flank.  This  again  suggests  an  advance  of  water 
from  the  northwest,  away  from  the  axis  of  the  Appalachian  geosyncline. 
The  minor  thickening  of  the  sand  southwest  of  the  no-sand  area  bears 
out  the  suggestion.  The  thickening  of  20  ft.  south  of  the  same  area  is  in 
part  a  break  between  the  Big  Lime  and  the  Big  Injun. 
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Fio.  3. — Sand  map  showing  thickness  of  Big  Injun. 
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Relation  of  Structure  to  Production 

All  of  the  wells  drilled  along  the  axis  of  the  anticline  are  reported  to 
have  yielded  gas  in  some  amount.  Two  are  productive  today,  though 
the  volume  of  gas  is  extremely  low.  There  is  also  a  small  gas  well  on  the 
western  part  of  the  nose,  west  of  the  structural  basin.  The  sand  in  the 
structural  basin  yields  a  light  production  of  oil  different  in  quality  from 
that  produced  a  few  miles  to  the  west.  None  of  the  wells  in  the  basin 
was  commercially  profitable  and  all  were  threatened  by  the  water  imme- 
diately after  completion.  The  best  production  lies  just  west  of  the 
area  outhned  on  the  maps;  it  is  known  as  the  Clover  field  and  apparently 
is  situated  on  a  narrow  terrace. 

Conclusion 

The  evidence  seems  to  indicate  an  original  advance  of  water  from  the 
northwest  and  a  subsequent  retreat  in  that  direction.  The  leveling  of 
the  oil  sand  on  the  western  flank  of  the  anticline,  the  position  of  the 
no-sand  area,  and  the  asymmetry  of  the  sand  with  respect  to  structure 
bear  out  this  idea.  The  writer  has  found  indications  of  similar  conditions 
in  adjoining  portions  of  West  Virginia,  but  the  drilUng  was  not  extensive 
enough  to  give  the  data  desired. 

Whatever  theoretical  interpretation  of  the  facts  may  be  given,  one 
practical  demonstration  is  the  frequent  unreliability  of  an  oil  sand  as  a 
key  horizon.  In  the  present  case,  the  sand  indicates  the  extent  and 
attitude  of  a  former  oil  accumulation  without  giving  an  accurate 
conception  of  the  structure. 

DISCUSSION 

David  B.  Reger,*  Morgantown,  W.  Va.  (written  discussion). — The 
region  under  discussion  is  one  of  the  few  localities  of  the  West 
Virginia  oil  fields  where  the  Big  Injun  sand  is  lenticular.  Many  thou- 
sand wells  have  been  drilled  through  its  horizon  in  the  western  part  of 
the  state,  their  records  showing  that  it  varies  in  thickness  from  25  to  250 
ft.,  its  average  being  perhaps  100  ft. ;  the  places  where  it  is  less  than  50 
ft.  thick  are  comparatively  few.  In  the  pools  where  it  is  productive, 
the  pay  streak  is  seldom  more  than  a  small  fraction  of  the  total  thickness, 
being  usually  3  to  6  ft. ;  in  some  instances  a  second  pay  is  found,  and  in 
rare  cases  a  third.  In  well  logs  the  custom  of  the  driller  is  to  give  the 
total  thickness  of  this  sand  from  top  to  bottom,  irrespective  of  pays,  and 
to  record  the  latter  as  a  parenthetical  item  for  the  information  and  use 
of  the  operator.  For  this  reason  the  view  that  only  the  pay  streak  has 
been  recorded  along  the  Arches  Fork  anticline  is  open  to  question, 
as  nowhere  in  the  state  have  soft  layers  of  20  to  40  ft.  been  found.     If 

*  Assistant  Geologist,  West  Virginia  Geological  Survey. 
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such  a  condition  had  been  found  in  the  region  under  discussion,  a  vastly 
prolific  oil  and  gas  pool  would  have  surely  resulted. 

Another  point  on  which  an  adverse  opinion  may  be  reached  is  the 
interpretation  of  the  structure  as  based  on  the  top  of  the  Big  Lime,  a 
horizon  that  has  great  constancy  throughout  the  state.  As  the  datum 
plane  selected  (1000  ft.  below  sea  level)  makes  necessary  the  use  of 
depression  or  minus  contours,  the  writer  has  prepared  a  map,  Fig.  4,  of 
the  same  region  from  information  secured  by  staff  members  of  the  West 
Virginia  Geological  Survey  and  published  in  the  Wirt-Roane-Calhoun 
report  of  the  Survey.  The  records  of  several  wells  outside  the  limits  of 
the  figure  have  been  used  to  secure  proper  control. 

The  right-hand  column  in  Table  1  shows  the  significant  elevation 
above  or  below  the  Cottingham  datum: 


Surface  Elevation 

Big  Lime 

Cottingham 

WeUNo. 

Top 

El.  of  Top  below 
Ti<te 

Datum 
(-1000  ft.) 

.      110 

770B 

1823 

1053 

-53 

116 

825B 

1755 

930 

+70 

119 

120 

837B 

162 

1045B 

1960? 

? 

? 

164 

865B 

164A 

(875) 

1628 

(753) 

(+247) 

164B 

915B 

165 

900L 

1800 

900 

+  100 

165A 

750B 

338 

750B 

1780 

1030 

-30 

342 

690L 

1701 

1031 

-31 

343 

670B 

1790 

1128? 

-128? 

344 

675B 

1730 

1055 

-55 

345 

690B 

(1718) 

(1028) 

(-28) 

346 

810B 

1734 

924 

+76 

347 

815B 

1744 

929 

+71 

348 

700B 

349 

730L 

(1675) 

(945) 

(+55) 

351 

725B 

1575 

850 

+  150 

352 

730B 

(1500) 

(770) 

(+230) 

360 

362 

845B 

1800 

955 

+45 

372 

745B 

1700 

955 

+45 

372A 

750B 

(1685) 

935 

+65 

373 

930B 

1943 

1013 

-13 

374 

850B 

1492 

642 

+358 

375 

775L 

1460 

685 

+315 

Note. — Well  numbers  refer  to  Wirt-Roane-Calhoun  report;  B  signifies  an  aneroid 
elevation,  closely  checked  on  spirit  levels;  L  signifies  a  spirit  level;  parentheses  indicate 
doubtftil  data. 
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Fig.  4. — Structure  top  of  Big  Lime,  contour  interval,  20  ft.;  datum,  1000  ft. 

below  sea  level.  ^ 
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Fig.  4  shows  that  there  is  no  saddle  along  the  Arches  Fork  anticHne 
in  the  vicinity  of  lat.  38°  45'  but  that  one  occurs  much  farther  north  at 
well  No.  346;  also  no  apparent  high  saddle  occurs  along  the  Robinson 
syncline  just  north  of  lat.  38°  45'.  That  any  pronounced  depression 
could  occur  in  the  vicinity  of  lat.  38°  50'  does  not  seem  possible  in  view  of 
the  Lime  elevation  (+45)  at  well  No.  362.  In  certain  cases  there  is 
a  contour  discrepancy  of  50  to  80  ft.  between  the  two  figures,  which  is 
far  in  excess  of  any  probable  barometric  error  where  many  bench  marks 
are  available  for  checking  the  instrument.  In  general,  Fig.  4  is  much 
more  nearly  in  harmony  with  the  surface  structure  prepared  on  the 
Washington  coal  by  Ray  V.  Hennen,  and  published  in  the  report 
mentioned,  and  also  more  in  harmony  with  the  well-known  type  of 
structural  wrinkles  of  the  Appalachian  region. 

The  conclusion  that  there  was  an  original  advance  of  water  from  the 
northwest  and  a  consequent  retreat  to  its  source  is  also  open  to  question, 
as  water  can  neither  advance  nor  retreat  through  a  region  where  there  is  a 
non-porous  barrier,  such  as  is  shown  along  the  anticline  in  Fig.  3.  It  is 
rather  to  be  supposed  that  the  water  in  the  Robinson  syncline  is  entirely 
connate,  or  possibly  in  part  derived  from  a  more  northern  region  along 
the  axis  of  the  basin. 

By  far  the  most  interesting  conclusion  that  may  be  developed  from  a 
study  of  the  well  logs  of  this  region  is  that  the  absence  of  sand  over  this 
rather  extensive  territory  affords  an  explanation  for  the  anomalous  pro- 
duction record  of  the  Clover  Pool,  lying  just  west  of  long,  81°  15'  and  just 
south  of  lat.  38°  45',  where  many  wells  kept  up  their  original  production 
for  several  years  and  in  some  instances  actually  increased  production 
for  a  year  or  more  after  completion.  The  apparent  reason  for  this 
unusual  phenomenon  is  that  the  southeast  migration  of  oil  from  the  Appa- 
lachian geosyncline  was  effectually  halted  by  the  absence  of  sand  along 
the  Arches  Fork  anticline,  thereby  enriching  to  an  abnormal  degree  the 
sand  content  in  the  Clover  Pool. 
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Federal  Taxation  of  Mines 

Report  of  Committee  of  American  Institute  of  Mining  and 
Metallurgical  Engineers 

The  Committee  submits  the  following  report : 

The  General  Committee  met  in  the  Treasury  Building  at  Washington 
on  Oct.  6  and  7,  1919.  At  the  first  meeting,  Cornelius  P.  Kelley  was 
appointed  chairman,  and  Paul  Armitage,  secretary  of  the  Committee. 

Subcommittees  were  appointed  on  Invested  Capital,  on  Mine  Valua- 
tion, and  on  Depletion  and  Depreciation. 

These  subcommittees  were  directed  to  meet  separately  and  to  report 
on  Oct.  7  to  the  General  Committee.  On  Oct.  7,  the  reports  of  these 
committees  were  submitted  to  the  General  Committee  and  on  motion 
were  received  and  referred  to  the  Executive  Committee  for  its  information 
to  be  used  as  it  deemed  wise. 

A  motion  was  carried  that  the  Executive  Committee  be  constituted 
a  permanent  committee  to  continue  the  work  of  the  Committee,  with 
full  power  to  add  to  and  increase  its  membership;  that  as  thus  increased 
it  should  constitute  a  permanent  organization  to  act  and  cooperate  with 
the  Treasury  Department  in  matters  of  mining  taxation  under  the 
Federal  Income  and  Excess  Profits  Tax  Laws. 

Thereafter  the  Executive  Committee  met  and  formed  a  permanent 
committee  as  f  oUows : 

Cornelius  F.  Kelley,  chairman,  42  Broadway,  New  York  City. 

J.  L.  Darnell,  Office  of  the  Commissioner  of  Internal  Revenue,  Wash- 
ington, D.  C. 

J.  Parke  Channing,  61  Broadway,  New  York  City. 

Walter  Douglas,  99  John  St.  New  York  City. 

R.  V.  Norris,  542  Second  National  Bank  Bldg.,  Wilkes-Barre,  Pa. 

J.  E.  Spurr,  care  of  Engineering  &  Mining  Journal,  10th  Ave.  and 
36th  St.,  New  York  City. 

W.  G.  Swart,  808  Selwood  Bldg.,  Duluth,  Minn. 

J.  P.  Finley,  45  Cedar  St.,  New  York  City. 

W.  A.  Williams,  Bartlesville,  Okla. 

F.  S.  Peabody,  care  of  Peabody  Coal  Co.,  McCormick  Building, 
Chicago,  111. 

Matthew  C.  Fleming,  71  Broadway,  New  York  City. 

H.  B.  Fernald,  54  Wall  St.,  New  York  City. 
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William  G.  Mather,  Cleveland,  Ohio. 

Walter  Fitch,  Eureka,  Utah. 

Arthur  Thacher,  900  Security  Bldg.,  St.  Louis,  Mo. 

John  P.  Gray,  Coeur  d'Alene,  Idaho. 

Paul  Armitage,  Secretary,  233  Broadway,  New  York  City. 

At  this  meeting  the  Executive  Committee  appointed  chairmen  of 
subcommittees  representing  the  following:  (1)  Coal,  (2)  Iron,  (3)  Copper, 
(4)  Lead  and  Zinc,  (5)  Precious  Metals,  (6)  Law,  (7)  Accounting,  each 
one  of  the  said  chairmen  to  appoint  and  select  a  subcommittee  either 
from  the  members  of  the  Executive  Committee  or  otherwise,  said  sub- 
committee to  take  up  the  special  questions  relating  to  the  particular 
subject  and  report  to  the  General  Committee. 

The  chairman  thereupon  appointed  the  following : 

R.  V.  Norris,  chairman  of  the  Subcommittee  on  Coal. 

W.  G.  Swart,  chairman  of  the  Subcommittee  on  Iron. 

J.  Parke  Channing,  chairman  of  the  Subcommittee  on  Copper. 

J.  P.  Finlay,  chairman  of  the  Subcommittee  on  Lead  and  Zinc. 

J.  E.  Spurr,  chairman  of  the  Subcommittee  on  Precious  Metals. 

Matthew  C.  Fleming,  chairman  of  the  Subcommittee  on  Law. 

H.  B.  Fernald,  chairman  of  the  Subcommittee  on  Accounting. 

The  Committee  thereupon  adjourned  to  meet  at  Atlantic  City  on 
Oct.  20,  1919. 

The  Executive  Committee  met  at  Atlantic  City  pursuant  to  adjourn- 
ment on  Oct.  20  and  21,  1919. 

The  various  subcommittees  made  their  reports,  and,  after  a  full  dis- 
cussion, the  following  were  adopted  as  the  recommendations  of  the 
Committee  to  the  Bureau  of  Internal  Revenue: 

I.  Invested  Capital 

On  the  subject  of  invested  capital,  the  Committee  recommends  as 
follows : 

Revenue  Act  of  1917 

That  Art.  63  of  Regulations  41  be  amended  by  striking  out  the 
following  lines : 

The  adopted  value  shall  not  cover  mineral  deposits  or  other  proper- 
ties discovered  or  developed  after  the  date  of  conveyance,  but  shall  be 
confined  to  the  value  accurately  ascertainable  or  definitely  known  at  that 
time. 

And  by  adding  to  said  Art.  63  of  said  Regulations  41  the  following 
paragraph  dealing  with  surplus: 

But  in  the  case  of  mines  and  mineral  deposits  where  legitimate  ex- 
penditures have  been  made  for  the  purpose  of  developing  known  ore- 
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bodies,  or  mineral  deposits,  and  ascertainable  values  have  been  added  to 
the  property,  or  where  as  a  result  of  development  undertaken,  exploration 
conducted  or  the  adaptation  of  improved  processes,  deposits  or  portions 
thereof  unknown  or  without  value  at  the  date  when  the  mining  property- 
was  acquired,  or  which  were  not  then  susceptible  of  most  efficient  benefi- 
ciation  have  been  developed  and  given  a  value  or  an  additional  value 
which  can  be  ascertained  with  reasonable  accuracy,  such  value  shall  be 
regarded  as  surplus  and  shall  be  included  in  invested  capital. 


Art.  63  as  amended  would  therefore  read  as  follows : 

When  tangible  'property  may  he  included  in  surplus:  Where  it  can  be 
shown  by  evidence  satisfactory  to  the  Commissioner  of  Internal  Revenue 
that  tangible  property  has  been  conveyed  to  a  corporation  or  partnership 
by  gift  or  at  a  value,  accurately  ascertainable  or  definitely  known  as  at 
the  date  of  conveyance,  clearly  and  substantially  in  excess  of  the  cash 
or  the  par  value  of  the  stock  or  shares  paid  therefor,  then  the  amount  of 
the  excess  shall  be  deemed  to  be  paid  in  surplus. 

Evidence  tending  to  support  a  claim  for  a  paid-in  surplus  under  these 
circumstances  must  be  as  of  the  date  of  conveyance,  and  may  consist, 
among  other  things,  of  (1)  an  appraisal  of  the  property  by  disinterested 
authorities,  (2)  the  assessed  value  in  the  case  of  real  estate,  and  (3)  the 
market  price  in  excess  of  the  par  value  of  the  stock  or  shares. 

But  in  the  case  of  mines  and  mineral  deposits  where  legitimate 
expenditures  have  been  made  for  the  purpose  of  developing  known  ore- 
bodies,  or  mineral  deposits,  and  ascertainable  values  have  been  added 
to  the  property,  or  where  as  a  result  of  development  undertaken,  explora- 
tion conducted,  or  the  adaptation  of  improved  processes,  deposits  or 
portions  thereof  unknown  or  without  value  at  the  date  when  the  mining 
property  was  acquired,  or  which  were  not  then  susceptible  of  most  efficient 
beneficiation,  have  been  developed  and  given  a  value  or  an  additional 
value  which  can  be  ascertained  with  reasonable  accuracy,  such  value  or 
additional  value  shall  be  regarded  as  surplus  and  shall  be  included  in 
invested  capital. 

The  Committee  understands  that  the  above  regulation  as  to  paid-in 
surplus  applies  irrespective  of  the  date  at  which  the  surplus  was  paid 
in,  whether  before  or  after  Jan.  1,  1914. 

It  understands  that  Art.  55  of  the  Regulations  41  has  no  bearing  what- 
ever on  the  question  of  "Paid-in  surplus,"  but  was  inserted  in  the  regula- 
tions solely  for  the  purpose  of  making  clear  the  fact  that  property  acquired 
before  Jan.  1,  1914,  at  a  value  less  than  the  par  of  the  stock  issued  there- 
for, may  be  valued  as  of  Jan.  1,  1914,  it  being,  as  the  article  states,  one 
of  the  few  cases  in  which  the  law  permits  allowance  to  be  made  for 
appreciation. 

Your  Committee  is  of  the  opinion  that,  if  proper  allowance  be  made 
for  surplus  as  above  defined,  many  of  the  objections  heretofore  raised  to 
Section  207  of  the  Act  of  1917  on  the  ground  of  inequality  and  discrim- 
ination in  taxation  will  be  obviated. 
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Revenue  Act  of  1918 

We  suggest  one  amendment  which  we  regard  as  important,  and  which 
if  adopted  will  bring  the  definition  of  invested  capital  under  the  Act  of 
1918  into  line  with  that  suggested  above  under  the  Act  of  1917. 

We,  therefore,  suggest  that  Art.  838  of  Regulations  45  be  amended 
by  adding  at  the  end  thereof  the  following: 

But  in  the  case  of  mines  and  mineral  deposits  where  legitimate  ex- 
penditures have  been  made  for  the  purpose  of  developing  known  ore- 
bodies,  or  mineral  deposits,  and  ascertainable  values  have  been  added  to 
the  property,  or  where,  as  a  result  of  development  undertaken,  exploration 
conducted,  or  the  adaptation  of  improved  processes,  deposits  or  portions 
thereof  unknown  or  without  value  at  the  date  when  the  mining  property 
was_ acquired,  or  which  were  not  then  susceptible  of  most  efficient  benefi- 
ciation,  have  been  developed  and  given  a  value  or  an  additional  value 
which  can  be  ascertained  with  reasonable  accuracy,  such  value  or  addi- 
tional value  shall  be  regarded  as  surplus  and  shall  be  included  in  invested 
capital;  such  earned  value  not  being  "value  appreciation"  within  the 
meaning  of  the  last  paragraph  of  Art.  844. 

II.  Valuation  of  Mines 

The  Committee  arrived  at  the  conclusion  that  it  would  be  desirable 
to  divide  mineral  properties  into  two  classes.  Class  I  and  Class  II. 

In  Class  I  are  included  mineral  properties  in  which  the  tonnage  or 
other  unit  has  been  determined  with  reasonable  accuracy. 

In  Class  II  are  to  be  included  all  other  deposits. 

As  to  Class  I,  the  Committee  considered  methods  of  arriving  at  the 
present  value  of  mineral  property,  and  methods  of  depletion,  and  has 
arrived  at  the  following  conclusions : 

A  proper  value  of  a  mining  property  is  the  present  value  of  the  pros- 
pective net  earnings  taking  into  account  probable  variations  in  output  and 
value  discounted  by  recognized  sinking  fund  methods  at  a  fair  rate  of 
interest  with  sinking  fund  at  4  per  cent,  interest,  or  by  calculations  by 
standard  annuity  methods.  But  other  recognized  methods  of  valuation 
acceptable  to  the  Department  may  be  used. 

In  lieu  of  estimated  net  earnings,  where  mining  on  a  royalty  basis  is 
customary,  royalty  prices  may  be  used  in  valuation  taking  into  considera- 
tion the  trend  of  such  prices. 

No  mine  shall  be  valued  on  an  estimated  operating  hfe  exceeding  45 
years. 

Ores  of  different  grades,  location,  and  probable  time  of  extraction  in 
a  mining  property  may  be  classified  separately  and  valued  accordingly. 

Nothing  herein  contained  shall  be  understood  to  prescribe  a  method 
of  valuing  separately  the  equities  of  lessor  and  lessees  in  a  mining 
property. 
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Mines  in  Class  II  may  be  valued  in  the  manner  prescribed  for  Class 
I,  but  there  will  be  a  difference  in  the  manner  of  determining  the  principal 
underlying  factors,  namely,  the  quantity  and  quality  of  ore  and  the  hfe 
of  the  mine. 

In  Class  II,  sole  reliance  cannot  be  placed  in  the  development  of  ore 
on  the  date  of  valuation,  but  concurrent  evidence,  such  as  the  habit  and 
type  of  orebodies  in  the  mine  itself,  the  characteristics  of  the  district  in 
which  it  occurs,  the  rate  of  development  through  exploration,  the  strength 
of  mineralization,  the  stage  of  the  operating  life  of  the  mine  and  any  other 
satisfactory  evidence  may  be  used  to  establish  a  reasonable  estimate  of 
the  required  factors. 

III.  Depletion 

On  the  question  of  depletion,  the  Committee  makes  the  following 
recommendations : 

Depletion  should  be  a  sum  calculated  to  return  to  the  owner,  free  of 
tax,  the  cost  or  value,  as  the  case  may  be,  of  his  mineral  property. 

This  should  be  calculated  either  on  a  unit  basis  by  dividing  the  esti- 
mated value  or  cost  by  the  estimated  units,  or  as  a  percentage  of  the 
annual  income  before  deducting  depletion,  the  said  percentage  to  be  the 
ratio  of  the  cost  or  value  of  the  property  to  the  total  estimated  earnings. 

The  Committee  is  of  the  opinion  that  in  view  of  the  fact  that  the 
equitable  apportionment  of  depletion  between  lessor  and  lessee  depends 
in  large  measure  on  the  terms  and  construction  of  the  contract  of  lease, 
and  of  the  law,  no  recommendation  should  be  made  by  the  Committee 
until  the  legal  questions  have  first  been  satisfactorily  and  authoritatively 
determined. 

The  Committee  recommends  that  distributions  to  stockholders  made 
from  depletion  reserve  are  liquidating  dividends,  and  do  not  constitute 
taxable  income  to  a  stockholder;  and  that  said  distribution  under  the 
law  may  be  made  from  such  reserve  irrespective  of  the  condition  of  the 
surplus  and  undivided  profits  account  of  the  corporation. 

The  Committee  is  of  the  opinion  that  to  prohibit  such  distribution 
until  the  surplus  and  undivided  profits  of  the' corporation  have  been 
first  distributed,  works  a  grave  injustice  to  stockholders  of  mining  cor- 
porations and  is  contrary  to  the  letter  and  spirit  of  the  revenue  law. 

IV.  Discovery 

On  the  question  of  discovery,  the  Committee  recommends  as  follows  : 

1.  That  Art.  219  of  Regulations  45,  as  revised,  be  approved,  and  that 

it  be  amended  by  inserting  after  the  words  "proving  and  development" 

at  the  end  of  the  first  paragraph  thereof,  a  new  subdivision  to  be  known  as 

subdivision  (c),  to  read  as  follows: 
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(c)  The  proving  by  the  taxpayer  of  the  commercial  value  of  a  mineral 
or  ore  deposit  by  the  development,  refinement  or  perfection  of  known 
methods  or  processes  of  mining  or  metallurgy,  or  both,  or  by  the  dis- 
covery and  application  of  new  methods  of  mining  or  metallurgy  at  a  cost 
materially  less  than  the  commercial  value  of  the  deposit  thus  proven  or 
created.  The  estimation  of  the  value  of  the  deposit  must  be  made  as  of 
a  date  not  later  than  thirty  days  after  the  commercial  value  of  the  deposit 
has  thus  been  proven. 

2.  Further  ore  discovered  either  by  further  development  or  explora- 
tion, whether  this  ore  be  an  extension  of  a  previously  known  orebody  or  a 
new  orebody  or  by  improved  processes  of  treatment,  and  not  included 
within  the  previously  estimated  value  or  estimated  life  of  the  mine,  may 
be  valued  for  depletion  purposes  following  such  discovery  or  discoveries. 

Respectfully  submitted, 

Cornelius  F.  Kelley,  Chairman. 
Paul  Armitage,  Secretary, 
233  Broadway, 

New  York  City. 
Oct.  21,  1919. 
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Colloid  Chemistry  and  Metallurgy* 

By  Wilder  D.  Bancroft,  Ithaca,  N.  Y. 

Albert  Sauveur,  Cambridge,  Mass.  (written  discussion). — 
In  his  introductory  paragraph,  the  author  states  that  he  has  come 
to  bury  Beilby,  not  to  praise  him.  The  paper,  however,  gives  the  impres- 
sion that  while  he  may  have  dug  the  grave,  Beilby  is  still  at  large.  I 
am  not  one  of  those  whom  the  author  calls  enthusiastic  supporters  of 
Beilby's  amorphous  theory  and  in  support  of  this  claim  quote  from  a  book 
I  am  writing:  "Attractive  as  the  amorphous  theory  is,  and  notwith- 
standing the  abiUty  with  which  it  has  been  presented  and  the  renown  of  its 
sponsors  and  supporters,  it  should  not  be  accepted  without  reservations 
as  a  demonstrated  fact ....  So  long  as  it  explains  more  satisfactorily 
than  other  theories  a  greater  number  of  phenomena  in  which  it  may  play 
a  part,  we  should  use  it  in  preference  to  others  as  the  best  available. 
Let  us  avoid  the  danger,  however,  into  which  too  many  fall,  of  accepting 
as  indisputable  truths,  statements  and  theories  emanating  from  those 
whom  we  hold  in  great  esteem.  It  is  not  what  those  men  themselves 
would  wish  us  to  do.  I  am  entitled,  I  think,  to  occupy  a  position  in 
the  middle  ground.  Neither  should  Howe  be  classified  with  the  enthu- 
siastic supporters  for  he  has  written  that  the  theory  should  be  classed 
rather  among  the  precious  working  theories  than  among  those  firmly 
estabHshed,"  a  very  wise  and  prudent  statement.  Jeffries,  on  the  other 
hand,  I  would  not  hesitate  to  describe  as  an  enthusiastic  supporter. 
The  author  reproaches  the  advocates  of  the  amorphous  theory  with 
having  taken  whatever  properties  they  needed  and  with  having  assigned 
them  arbitrarily  to  the  hypothetical  amorphous  phase.  He  then  apphes 
their  method  to  small  crystals.  If  the  existence  of  an  amorphous  phase 
is  assumed,  its  greater  tenacity  and  greater  hardness  is  satisfactorily 
explained  in  the  words  of  Howe:  "This  greater  strength  is  natural, 
because  the  amorphous  state  lacks  the  cleavages  and  slip  planes  which 
weaken  crystalline  substances."  Can  the  greater  strength  and  hardness 
claimed  for  small  crystals  be  as  satisfactorily  explained?  Nor  do  I 
think  that  the  cold  deformation  of  metals  through  successive  slips 
within  the  crystalUne  grains  can  be  accoimted  for  as  acceptably  by  the 
"smaU  crystals  theory." 

*  Discussion  of  paper  printed  on  pages  604-617. 
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The  argument  that  we  know  that  small  crystals  exist  while  the 
existence  of  amorphous  metal  is  a  mere  assumption  does  not  suffice 
to  reject  the  amorphous  theory.  Following  that  line  of  reasoning, 
many  valuable  theories  would  disappear,  including  the  atomic  theory. 
If  metals  behave  as  if  the  amorphous  state  was  assumed  under  the 
conditions  described,  that  is  the  essential  thing.  We  need  not  be  greatly 
disturbed  by  the  possible  non-existence  of  that  state.  If  matter  behaves 
as  if  it  were  made  of  atoms,  we  may  accept  with  enthusiasm  the  atomic 
theory  without  excessive  worry  as  to  the  possible  non-existence  of  atoms. 
So  long  as  things  take  place  in  the  physical  universe  as  if  matter  existed, 
wc  need  not  be  alarmed  by  the  claims  that  it  has  no  real  existence. 

It  does  not  seem  to  me  that  the  author's  claim  that  metallographists 
have  been  too  uncritical  in  their  attitude  toward  the  amorphous  theory 
is  justified.  The  majority  of  them  have  accepted  it  with  great  caution 
and  will  continue  to  do  so.  They  will  use  it  as  a  tool  so  long  as  a  better 
one  is  not  at  hand.  What  the  author  offers  in  its  stead  will  not,  I  believe, 
cause  many  to  discard  it. 
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Henry  Marion  Howe 

Henry  Marion  Howe  died  at  his  residence  in  Bedford,  N.  Y.,  on 
May  14,  1922,  of  a  malady  from  which  he  had  been  suffering  for  more 
than  fifteen  months. 

Doctor  Howe  was  prominently  identified  with  the  Institute,  which 
was  the  first  technical  society  he  joined,  and  in  which  he  held  office 
at  several  different  times,  from  1879,  when  he  was  vice-president,  to 
1893,  when  he  served  as  president. 

He  was  a  loyal  and  active  member  of  the  Iron  and  Steel  Committee, 
and  did  more  than  any  one  else  to  enrich  the  publications  of  the  Institute 
in  the  field  of  iron  and  steel  metallurgy.  At  the  meeting  of  the  directors 
on  May  19,  the  following  resolution  was  passed : 

The  Directors  of  the  American  Institute  of  Mining  and  Metallurgical  Engineers 
place  upon  record  their  profound  sorrow  at  the  death,  on  May  14,  1922,  of  Past 
President  Henry  Marion  Howe.  Mingled  with  their  regret  at  his  loss  is  their  realiza- 
tion that  the  honor  and  credit  reflected  upon  the  Institute  by  the  eminent  attain- 
ments of  their  Past  President,  the  acknowledged  leader  among  the  scientific  men  of 
the  world  who  have  collaborated  in  developing  the  science  of  the  structure  and 
properties  of  iron  and  steel,  is  an  undying  memory  in  which  the  Institute  and  its 
members  may  justly  take  pride,  even  though  the  distinguished  author  is  no  longer 
in  their  midst. 

The  Directors  are  happy  to  record  that  Doctor  Howe  used  this  Institute  as  the 
principal  means  of  distributing  to  the  world  the  results  of  his  great  work  in  research, 
investigation  and  interpretation.  He  was  loj-ally  devoted  to  the  Institute;  he  joined 
it  the  year  that  he  graduated  from  college,  which  was  also  the  first  year  of  the  Insti- 
tute's life;  he  was  a  frequent  attendant  at  the  conventions  in  all  parts  of  the  country, 
and  enriched  the  Transactions  not  only  by  his  original  contributions  but  by  his  con- 
structive and  valuable  discussions  of  the  papers  of  others,  and  by  his  skill  as  a  pre- 
siding officer  at  many  of  the  sessions.  Eminent  son  of  eminent  and  distinguished 
parents;  possessor  of  a  mind  greater  than  that  of  most  men  for  its  ability  to  grasp 
scientific  truth  and  interpret  the  results  of  investigation;  gifted  with  a  command 
of  the  English  language  which  was  equaled  by  few  men  of  his  time;  expert  organizer 
of  research;  the  American  and  foreign  engineering  societies,  universities  and  govern- 
ments have  honored  you  as  few  engineers  have  been  honored,  and  you  in  return  have 
reflected  honor  upon  them  by  j^our  membership  and  your  contributions. 

It  Is  Resolved,  That  this  minute  be  spread  upon  the  records  of  the  Institute, 
be  published  in  the  magazine,  and  be  sent  to  the  family  of  our  honored  colleague. 

A  record  of  Doctor  Howe's  professional  career,  of  his  principal 
published  works,  of  his  more  than  three  hundred  technical  monographs, 
and  a  very  long  list  of  the  honors  conferred  on  him  by  American  and 
foreign   technical   societies,   governments   and   universities,    was   given 
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in  the  Bulletin  of  the  Institute  for  Juh',  1917,  in  connection  with  the 
award  of  the  John  Fritz  Medal  to  Doctor  Howe  on  May  10,  1917. 

On  that  occasion,  Dr.  Rossiter  W.  Raymond,  in  his  address,  spoke 
of  Doctor  Howe  and  his  professional  achievements  in  part  as  follows: 

"Henry  Marion  Howe  was  born  March  2,  1848,  at  Boston,  IMass. 
His  father  was  Dr.  Samuel  G.  Howe,  famous  for  his  service  to  Greece 


Hexry  Mariox  Howe 

in  her  war  for  independence  (from  1824  to  1830)  and  later  for  his  labors 
in  the  instruction  of  the  bhnd.  His  mother  was  Julia  Ward  Howe, 
author  of  the  Battle  Hymn  of  the  Republic,  and  leader  in  many  reforms. 
It  was  a  good  stock  on  both  sides,  making  him  heir  to  intellectual  keenness 
and  refinement,  the  capacity  for  both  enthusiasm  and  perseverance, 
a  passion  for  the  pursuit  of  knowledge,  and  a  gift  of  clear  and  felicitous 
statement. 

"This  inheritance  was  improved  by  a  liberal  education  .... 
We  may  be  sure  that  Professor  Howe's  easy  command  of  his  field  in 
technical  literature  owes  much  to  the  circumstance  that  he  was  graduated 
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in  1865  from  the  famous  Boston  Latin  School,  and,  four  years  later,  received 
his  degree  of  Bachelor  of  Arts  from  Harvard  College.  Thus  equipped, 
he  entered  the  Massachusetts  Institute  of  Technology,  which  gave 
him  in  1871  the  degree  of  'Graduate  in  the  Department  of  Geology 
and  Mining  Engineering' — a  cumbrous  title  for  which  the  institution 
substituted,  a  few  years  later,  that  of  'Bachelor  of  Science.'  Harvard 
made  him  Master  of  Arts  in  1872,  and  Doctor  of  Laws  in  1905.  But 
upon  this  basis  of  wide  and  liberal  culture,  it  was  necessary  to  his  future 
achievements  that  he  should  lay  another  foundation  of  acquaintance 
with  practice;  and  this  he  did  during  the  next  dozen  years,  as  a  student 
in  the  steel  works  at  Troy,  manager  of  works  at  Pittsburgh,  and  designer 
and  builder  of  the  works  of  the  Orford  Nickel  and  Copper  Co.  at  Capelton 
and  Eustis  in  the  province  of  Quebec,  and  at  Bergen  Point,  New  Jersey. 
His  experience  in  the  metallurgy  of  copper  bore  legitimate  fruit  in  the 
publication  at  a  later  period  of  his  first  book,  "Copper  Smelting;"  but 
before  this  appeared  (in  1885),  he  had  already  become  known  through 
his  technical  papers  as  an  acute  observer  and  reasoner,  by  no  means 
averse  to  friendly  controversy. 

"Since  it  is  my  present  duty  to  offer,  not  so  much  a  symmetrical 
and  complete  account  of  Professor  Howe's  activities  as  a  description  of 
the  particular  labors  in  recognition  of  which  he  receives  today  from  his 
brother  engineers  the  John  Fritz  gold  medal,  I  shall  pass  lightly  over 
the  general  features  of  his  career,  merely  observing  that  from  1883  to 
1897  he  resided  at  Boston,  and,  besides  his  private  practice  as  a  consulting 
metallurgist  and  expert  witness  in  metallurgical  patent  suits,  was  lecturer 
on  metallurgy  at  the  Massachusetts  Institute  of  Techonology;  that 
in  1897  he  was  called  to  the  professorship  of  metallurgy  in  Columbia 
University,  from  which  position  he  retired  in  1913  with  the  title  of 
Professor  Emeritus;  and  that  for  the  last  ten  years  he  has  declined 
as  far  as  practicable  all  professional  business,  in  order  to  devote  himself 
exclusively  to  the  completion  of  what  had  clearly  become  the  great 
scientific  mission  of  his  life.  To  this  end,  he  has  maintained  at  his 
own  expense  a  special  laboratory  of  research. 

"It  gives  me  pleasure  to  fancy,  whether  or  no  the  fancy  be  also 
fact,  that  I  remember  the  beginning  of  that  mission,  forty-odd  years 
ago.  In  1871,  the  first  year  of  the  existence  of  the  American  Institute 
of  Mining  Engineers,  Mr.  Howe,  then  just  graduated  from  the  Massa- 
chusetts Institute  of  Technology,  became  a  member  of  the  new  organiza- 
tion. His  two  earliest  contributions  to  its  Transactions,  Blast-furnace 
Economy,  in  Vol.  Ill,  and  Thoughts  on  the  Thermic  Curves 
of  Blast-furnaces,  in  Vol.  V,  indicated  already  that  he  was  making 
a  scientific  study  of  practice.  But  between  the  dates  of  these  papers 
a  famous  controversy  was  inaugurated  in  the  forum  of  the  Institute 
by  the  brilliant  paper  of  Alexander  L.  Holley,  primus  inter  pares,  entitled 


1160  BIOGRAPHICAL   NOTICES 

"What  is  Steel?"  In  this  controversy,  eminent  metallurgists  like 
Wedding,  chemists  like  Prime,  and  expert  captains  of  industry  like 
IMetcalf,  vigorously  took  part;  but  of  all  the  knights  of  the  tourney, 
none  rode  a  straighter  course  or  laid  in  rest  a  sharper  lance  then  Howe, 
whose  paper  on  The  Nomenclature  of  Iron  ardentlj"  advocated  a  scientific 
as  distinguished  from  a  commercial  nomenclature. 

"The  science  of  metallography,  at  least  so  far  as  it  relates  to  iron 
and  steel,  may  be  said  to  have  begun  with  the  observations  of  Sorby 
on  the  microstructure  of  iron,  reported  in  1864  and  1868.  Martens 
published  independently  in  1878.  But  already  in  1868,  Tschernoff 
had  enunciated  the  chief  laws  that  govern  the  metallography  of  iron. 
These  were  supplemented  by  the  appearance  in  Stahl  und  Eisen,  1885, 
of  Brinell's  laws.  All  these  creditable  steps  of  progress  were  rendered 
more  or  less  uncertain  and  incomplete  by  the  imperfection  of  the  appa- 
ratus and  methods  of  precision,  by  consequent  errors  of  observation, 
and  by  gaps  in  the  data — though  the  aggregate  quantity  of  material 
was  already  overwhelming.  Then  came,  in  1887,  and  subsequent 
3^ears,  the  remarkable  investigations  and  intuitions  of  Floris  Osmond, 
who  discovered  that  metals  frequentlj'  combine  to  form  definite  chemical 
compoimds,  and  that  these  compounds  frequently  form  solid  solutions. 
He  discovered  also  the  thermal  critical  points  of  iron,  and,  interpreting 
these  changes  in  the  cooling-curve  as  indications  of  some  molecular 
change,  propounded  the  brilhant  hypothesis  of  the  allotropy  of  iron 
which  furnished  the  acceptable  aUotropic  theory  of  the  hardening  of 
steel.  To  him,  as  Professor  Sauveur  remarks  in  his  Biographical 
Notice  of  Osmond  [Trans.  (1913)  45,  274],  we  owe  likewise  the  discovery 
of  austenite,  the  non-magnetic  solid  solution  of  iron  and  carbon  existing 
above  the  thermal  critical  range,  and  the  transition-constituents,  mar- 
tensite,  troostite  and  sorbite,  marking  as  many  distinct  and  important 
steps  in  the  transformation,  on  cooling,  of  the  solid  solution  austenite 
into  the  ferrite-cementite  aggregate. 

"This  brings  us  to  the  date  of  Howe's  first  book  on  the  subject; 
and  the  history  of  the  new  science,  as  I  have  already  sketched  it  in 
general  terms,  is  epitomized  in  the  essays  and  books  of  Professor  Howe 
from  the  appearance  of  his  "Metallurgy  of  Steel"  in  1888  to  that  of 
his  "Metallography  of  Steel  and  Cast  Iron"  in  1916.  The  first  of  these 
books  was  an  amazing  accumulation  of  reported  facts,  tabulated,  verified 
and  explained  as  far  as  was  then  practicable.  The  last  is  an  equally 
amazing  array  of  facts,  but  now  sifted,  tested,  logically  arranged  and 
luminous!}'  interpreted,  exhibiting  not  uncomprehcnded  differences,  but 
significant  similarities  and  relationships.  The  first  was  a  heap,  parts 
of  which  had  been  sorted;  the  last  is  an  edifice.  To  produce  the  first 
required  intelligent  and  inexhaustible  industry  and  critical  discernment. 
The   second   exhibits   the   creative   genius   of   an   architect.     Between 
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the  two  lies  the  history  of  a  science  to  every  state  of  which  this  builder 
has  made  some  important  contribution.  Let  me  mention  a  few  of  these, 
under  the  heads  of  invention  of  improved  methods;  discovery  of  new 
facts;  testing  of  data;  and  correlation  and  interpretation  of  observed 
phenomena.  I  shall  not  pretend  to  comprehensive  completeness  in  this 
survey.     I  must  be  content  with  the  exhibition  of  typical  samples. 

"One  of  the  new  methods  invented  by  Professor  Howe  is  that  of 
determining  the  microstructural  and  other  conditions  which  exist  in 
steel  at  high  temperatures  by  fixing  those  conditions  through  the  process 
of  quenching — a  method  which  has  been  generally  adopted,  and  by  the 
use  of  which  much  clearer  and  more  trustworthy  results  have  been 
obtained  than  were  formerly  possible. 

"Among  his  discoveries  of  new  facts  may  be  mentioned  the  isotropy 
of  the  effects  of  plastic  deformation  (announced  in  1888,  and  supported 
in  1914);  the  possibihty  of  effacing  blowholes  in  soft  steel  by  welding 
(1909);  the  relations  of  graphite  flakes  in  cast  iron,  representing,  not 
complete  discontinuities  of  the  metal,  but  only  the  filling  by  graphite 
of  the  interstices  in  ferrite  skeletons;  and  the  crystallography  of  the 
slip-planes  ("Metallography  of  Steel  and  Cast-iron,"  327).   .    .    . 

"In  a  remarkable  paper  on  the  structure  of  steel,  contributed  to 
the  proceedings  of  the  American  Society  for  Testing  Materials  for 
1911,  Professor  Howe  collected  into  the  form  of  propositions  or  laws  the 
observed  relations  of  heat  treatment  to  the  microstructure  and  mechan- 
ical properties  of  steel.  In  that  paper,  he  enunciated  twenty-three 
of  these  laws;  and  had  he  then  ceased  from  his  labors,  his  work  would 
have  followed  him  as  an  imperishable  record  indelibly  carved  upon 
the  history  of  science.  But  he  was  destined  to  go  still  further  during 
the  five  years  which  followed.  His  latest  book,  "The  Metallography  of 
Steel  and  Cast-iron,"  pubhshed  in  1916,  occupies  intellectually  a  higher 
plane  than  its  predecessors,  by  which  I  mean  that  it  commands  a  wider 
outlook,  permitting  grander  generalizations,  and  the  recognition,  in 
due  perspective,  of  causes,  effects  and  relations.  This  book,  in  short, 
exhibits  that  simplification  which  I  have  described  as  following  the  stage 
of  maximum  complexity  in  the  development  of  a  science.  Its  very 
title,  coupling  steel  with  cast  iron,  expresses  the  maturer  view  which 
includes  both  in  one  continuous  series,  subject  to  the  same  laws — a 
significant  conclusion  of  the  controversy  which  began  with  the  contention 
that  steel  was  not  cast  iron.  Not  that  the  difference  has  been  disproved, 
but  that  a  higher  unity  has  been  shown  to  embrace  it. 

"That  my  estimate  of  the  work  of  our  great  American  colleague, 
as  summed  up  and  set  forth  in  this  book,  is  not  merely  an  expression  of 
personal  affection  or  patriotic  pride,  let  me  prove  by  one  or  two  opinions 
from  eminent  authorities. 

"I  would  quote  first  a  few  paragraphs  translated  from  a  review 
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of  the  book  by  Professor  Le  Chatelier  in  the  Revue  de  Metallurgie  (March- 
April,  1916) : 

The  new  work  of  Mr.  Howe  is  entirely  original.  It  has  nothing  common  with 
the  numerous  treatises  on  metallography  which  have  appeared  during  the  last  ten 
3^ears.  "\Mioever  has  read  one  of  them  has  read  them  all.  Here  we  have  to  do  with 
the  personal  observations  and  views  of  the  author.  As  he  indicates  in  his  preface, 
he  has  written  this  treatise,  not  to  state  the  solidly  established  principles  of  a  young 
science,  but  to  cause  the  creators  of  that  science  themselves  to  think;  to  open  before 
them  new  horizons.  Hence  he  has  not  feared  to  announce  theories  sometimes  a 
little  hazardous.    .    . 

This  study  wUl  make  an  epoch  in  the  history  of  the  progress  of  science.  It  rep- 
resents many  years  of  uninterrupted  research,  but  for  a  much  longer  period  it  will 
certainly  be  consulted  by  investigators  with  fruitful  results. 

"The  following  remarks  are  taken  from  a  similar  review  by  H.  C.  H, 
Carpenter,  Professor  of  Metallurgy  at  the  Royal  School  of  Mines, 
South  Kensington,  England. 

It  is  quite  safe  to  say  that  Professor  Howe's  book  will  at  once  take  its  place  as 
an  authoritative,  and  indeed,  classical,  exposition  of  the  field  of  knowledge  with 
which  it  deals.  From  whatever  standpoint  it  is  judged,  it  is  a  great  book — great  in 
its  power,  lucidity,  balance,  comprehensiveness,  and  pre-eminently  scientific  character. 

"In  a  private  letter,  written  with  reference  to  the  announcement 
that  the  John  Fritz  medal  was  to  be  conferred  upon  Professor  Howe, 
the  same  distinguished  author  says  that  he  believes  no  award  could 
have  given  greater  pleasure  to  the  metallurgists  of  Great  Britain, 
who  look  upon  Professor  Howe  not  merely  as  the  doyen  of  metallog- 
raphists  in  America  but  as  their  most  distinguished  representative, 
a  worker  whose  single-mindedness  in  the  pursuit  of  truth  is  an  example 
to  us  all,  and  whose  conscientiousness  gives  to  his  publications  a  character 
of  their  own." 

Doctor  Howe  is  survived  by  his  wife,  to  whom  he  was  married  on 
April  9,  1874.  She  was  Miss  Fannie  Gay,  of  Troy,  N.  Y.,  and  to  her 
wise  guidance  and  actual  assistance  and  companionship  in  his  work, 
Doctor  Howe  always  justly  attributed  a  large  measure  of  his  success. 

Bradley  Stoughton. 


Gardner  F.  Williams 

Gardner  F.  Williams,  authority  on  diamond  mining,  died  at  San 
Francisco,  Cal.,  on  Aug.  22,  after  an  illness  of  nearly  a  year. 

Mr.  Williams,  who  was  in  his  eighty-first  year,  was  born  in  Saginaw, 


Gardner  F.  Williams 

Mich.  He  was  graduated  from  the  University  of  California  in  1865, 
and  afterward  took  a  course  at  the  Freiberg  Mining  Academy  in  Saxony. 
He  was  awarded  the  degree  of  LI..  D.  by  the  University  of  California 
in  1910,  and  Doctor  of  Engineering  by  the  University  of  Michigan 
in  1917. 

Beginning  in  1870,  Mr.  WiUiams  spent  two  years  as  assistant  assayer 
at  the  United  States  Mint  in  San  Francisco.     He  successfully  developed 
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several  mines  in  the  West,  and  then  went  to  South  Africa.  He  was  in 
charge  of  the  gold  mines  in  northern  Transvaal  during  the  years  1884-85, 
and  later  was  engineer  for  the  Exploration  Companj^,  Ltd.,  of  London, 
in  South  Africa. 

In  1887,  he  became  general  manager  of  DeBeers  Company,  which 
later  became  DeBeers  Consolidated  Mines,  Ltd.,  organized  by  the  late 
Cecil  Rhodes  and  others,  which  produced  95  per  cent,  of  the  diamond 
yield  of  the  world.     He  was  in  South  Africa  during  the  Boer  war. 

Mr.  Williams  was  the  author  of  several  books,  the  one  entitled  "The 
Diamond  Mines  of  South  Africa"  being  especially  well  known. 

He  was  a  life  member  of  the  American  Institute  of  Mining  and  Metal- 
lurgical Engineers,  which  he  joined  in  1886,  and  was  also  a  member 
of  the  National  Geographic  Society;  the  Institution  of  Mining  and 
Metallurgy,  London;  British  Association  for  the  Advancement  of  Science, 
and  other  scientific  bodies.  He  was  a  member  of  the  Metropolitan 
and  Chevy  Chase  clubs  of  Washington  and  the  Pacific  Union  Club  of 
San  Francisco. 

When  Mr.  WilHams  returned  from  South  Africa,  he  estabhshed 
his  residence  at  Washington,  D.  C,  where  he  took  an  active  interest 
in  civic  affairs. 

In  1871,  Mr.  Williams  married  Fanny  Locke,  of  Oakland,  Cal. 
Mrs.  Williams  died  in  1911.  A  son,  Alpheus  Fuller  Williams,  now 
general  manager  of  DeBeers  Consolidated  Mines,  Ltd.,  of  South  Africa, 
and  three  daughters,  Mrs.  Wilham  Wallace  Mein  of  New  York  City, 
Mrs..  Frederick  DeCourcy  Faust  of  ^  Washington,  D.  C,  and  Mrs. 
Monroe  Eyre  Pinckard  of  San  Francisco,  Cal.,  survive  him. 


Hjalmar  Sjogren 

The  cables  brought  the  news  last  spring  that  the  Institute  had  lost 
by  death  one  of  its  most  distinguished  foreign  members,  Hjalmar 
Sjogren  of  Stockholm.  For  thirty-one  years,  Professor  Sjogren  had 
been  one  of  our  number.  He  was  elected  in  1891,  joining  the  Institute 
at  the  time  he  was  in  the  United  States,  in  attendance  at  the  Fifth  Inter- 
national Geological  Congress,  which  was  held  in  Washington  in  the  late 
summer  of  that  year.  Professor  Sjogren  was  once  more  in  America 
in  1906  and  again  in  1913,  and  on  both  of  those  visits  his  friends  in 
New  York  had  the  welcome  opportunity  of  extending  courtesies  to  him. 
He  was  thus  well  known  to  a  wide  circle  in  our  membership. 

His  keen  interest  in  the  geology  of  iron  ores  brought  him  in  touch  with 
the  many  Americans  who  have  studied  them  and  who  have  been  active 
in  the  important  productive  districts  which  he  visited.  Our  Trans- 
actions contain  (Vol.  XXXVIII)  one  very  important  paper  of  seventy 
pages  on  the  Geological  Relations  of  the  Scandinavian  Iron  Ores,  which 
he  contributed. 

Sten  Anders  Hjalmar  Sjogren,  to  give  his  full  baptismal  name, 
was  born  Jvme  13,  1856,  and  was  the  son  of  Anton  Sjogren,  a  mining 
engineer,  at  the  time  in  charge  of  the  iron  mines  at  Persberg,  in  the  east 
and  west  iron-ore  belt  of  central  Sweden,  about  160  miles  west  from 
Stockholm.  The  Persberg  orebodies  yielded  magnetite  and  specular 
hematite  from  schists,  with  which  limestones  were  interstratified  as 
well  as  the  peculiar  Swedish  rocks  called  ''halleflinte."  The  mines 
were  also  well  known  to  collectors  and  students  of  minerals. 

While  Hjalmar  Sjogren  was  yet  a  lad,  his  father  was  advanced  to  the 
superintendency  of  a  number  of  famous  mining  localities  in  this  same 
district  of  Wermland.  Paisberg,  famous  for  its  native  lead,  was  one; 
and  two  others,  Langban  and  Nordmarken,  were  among  the  most  prolific 
sources  of  interesting  minerals  in  all  Sweden.  In  several  localities,  the 
pre-Cambrian  limestones  had  obviously  experienced  the  recrystalHzing 
influences  of  intrusive  igneous  rocks  and  had  been  charged  with  the  so- 
called  "contact"  minerals,  which  have  found  their  way  to  the  museums 
of  the  world.  Anton  Sjogren,  the  father,  was  a  keen  mineralogist  and 
Hjalmar,  the  son,  grew  up  in  a  favorable  environment  for  receiving 
training  and  enthusiasms  of  the  same  sort.  One  is  not  surprised,  there- 
fore, to  find  Hjalmar  Sjogren,  in  the  long  run,  turning  to  mineralogy  and 
geology  as  his  final  career. 
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In  1875,  at  the  age  of  nineteen,  3'oiing  Sjogren  matriculated  at  the 
Polytcchnical  School  in  Stockholm,  where  he  spent  three  years.  In 
1878,  he  entered  the  University  of  Lund  and  after  two  years  passed 
his  examinations  for  the  mining  engineer's  profession.  During  his 
student  period  he  also  had  field  experience  in  geological  work  and  began 
the  publication  of  his  long  series  of  papers  on  minerals,  some  old,  some 
new  and  first  named  by  him.  On  graduating,  the  young  mining  engineer 
entered  the  active  work  of  the  profession  and  continued  it  for  two  years; 
then  for  two  years  he  gave  the  instruction  in  mineralogy  at  the  famous 
old  Swedish  university  of  Upsala,  where  the  traditions  of  Linnaeus 
and  Berzelius  still  live  as  an  inspiration  to  teachers  and  taught.  Inevit- 
ably, Instructor^  Sjogren  continued  with  increasing  productivity  his 
publications,  both  in  mineralogy  and  geolog}-,  and  what  is  of  especial 
moment  in  connection  with  this  tribute,  he  began  his  important  series  on 
iron  ores. 

BuLLETix  OF  Upsala  Unr^ersity 

In  1885,  Hjalmar  Sjogren  became  geologist  for  the  Nobel  oil  wells, 
and  refineries  at  Baku  on  the  Caspian  Sea,  and  for  four  years  studied 
the  geology  of  the  oil  fields  and  of  the  regions  round  about,  acquiring 
thus  data  for  a  series  of  scientific  papers.  Returning  to  Sweden,  he 
became,  in  1890,  professor  of  geology  and  mineralogj-  at  Upsala,  and 
was  married  to  Anna  Xobel,  the  daughter  of  Ludwig  Nobel.  At  once 
the  laboratories  of  the  university  were  equipped  with  the  best  of  appa- 
ratus and  placed  in  a  position  to  carry  on  researches  with  the  necessary 
facilities.  The  well-known  "Bulletin  of  the  Geological  Institute  of  the 
University  of  Upsala"  was  established  and  furnished  a  medium  of 
publication.  The  first  volume  was  completed  in  1893,  and  has  been 
followed  by  seventeen  others,  the  entire  expense  of  the  series  having 
been  borne  by  Professor  Sjogren.  The  series  is  one  of  the  most  valuable 
of  all  the  publications  in  geology  and  mineralogy.  The  volumes  are 
beautifully  issued  and  are  in  all  the  large  scientific  libraries  of  the  world. 

In  1894,  after  four  years  of  service,  Professor  Sjogren  retired  from 
the  chair  at  Upsala  and  occupied  himself  primaril}-  with  the  great  business 
interests  and  other  similar  affairs  with  which  he  had  necessarily  become 
associated.  In  1901,  however,  he  took  charge  of  the  collections  of 
minerals  in  the  Royal  iVIuseum  at  Stockholm  and  reorganized  the  exhibits, 
both  in  materials  and  display,  until  they  were  able  to  supply  to  the 
delegates  at  the  Eleventh  International  Geological  Congress  of  1910 
one  of  the  most  striking  and  instructive  features  of  Stockholm.  To 
the  mineralogical  treasures  of  the  state.  Professor  Sjogren  added  his  own 
collection,  which  was  of  outstanding  scientific  and  historical  value. 
The  great  contribution  of  the  above  Congress  was  the  two-volume 
work  on  the  Iron  Ore  Reserves  of  the  World.     In  its  preparation  Pro- 
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fessor  Sjogren  took  a  leading  part;  and  at  the  distinguished  symposium 
upon  the  question  "  What  shall  the  iron  industry  do  for  ore  in  the  future?" 
he  followed  the  address  of  the  Swedish  Prime  Minister,  with  a  summary 
of  the  world-wide  inquiry.  During  the  Congress,  and  as  one  of  its  most 
enjoyable  features,  Professor  and  Mrs.  Sjogren  made  their  guests, 
for  an  afternoon  and  evening  at  their  beautiful  estate  of  Nynas,  an 
hour's  ride  from  Stockholm,  one  hundred  and  fifty  of  the  delegates  and 
their  wives.  A  sumptuous  banquet  was  spread,  after  which  a  vast 
display  of  fireworks  illuminated  the  grounds.  As  one  of  those  present, 
the  writer  can  bear  witness  to  the  great  pleasure  given  to  visitors  from 
all  parts  of  the  world. 

Since  the  year  of  the  Congress  in  Stockholm,  Professor  Sjogren  has 
been  busied  with  scientific  labors  and  administrative  duties  of  many 
kinds  and  with  journeys  of  world-wide  extent.  At  the  time  of  his  death 
an  important  work  entitled  "A  Handbook  of  Swedish  Mineralogy"  was 
in  large  part  in  manuscript,  and  a  translation  from  the  Latin  into  Swedish 
of  Swedenborg's  treatise  on  iron,  in  his  "Opera  philosophica  et  mineralia," 
was  so  far  advanced  that  it  can  be  carried  to  publication. 

Aside  from  Professor  Sjogren's  many  contributions  to  mineralogy, 
his  numerous  papers  on  the  geology  of  iron  ores  possess  the  greatest 
interest  for  members  of  the  Institute.  His  writings  on  the  latter  subject 
show  remarkably  well  the  gradual  evolution  through  which  our  trusted 
views  have  passed,  alike  in  Scandinavia  and  America.  At  first,  even 
for  the  ancient  magnetites  and  specular  ores  sedimentary  explanations 
were  exclusively  set  forth;  but  gradually  the  need  of  aid  from  igneous 
influences  and  contributions  becomes  more  and  more  apparent  and  their 
importance  is  more  fully  recognized  in  his  latest  contributions.  A 
full  bibliography  of  Professor  Sjogren's  writings  accompanies  a  beauti- 
fully written  and  appreciative  sketch  of  his  life  by  Professor  A.  G. 
Hogbom,  his  successor  in  the  chair  at  the  University  of  Upsala.  The 
memorial  is  published  in  Volume  XVIII  of  the  Bulletin  of  the  Geological 
Institute  of  the  University.  The  writer's  personal  recollections  have 
been  greatly  aided  by  this  memorial  in  preparing  the  present  tribute 

James  F.  Kemp. 


R.  C.  Gemmell 

Robert  Campbell  Gemmell,  assistant  managing  director  of  the 
Jackling  allied  porphyry  mining  properties  in  Utah,  New  Mexico, 
Arizona  and  Nevada,  died  suddenly  on  Oct.  25,  of  heart  trouble,  while 
traveling  from  Hurley,  N.  M.,  to  Los  Angeles. 


C.  Gemmell 


To  shape  justly  even  an  outline  of  the  brilliant  career  and  uniquely 
charming  personality  of  Mr.  Gemmell  is  well-nigh  impossible,  and  any 
effort  so  to  do  can  but  demonstrate  the  inadequacy  of  language  to  sound 
the  depths  of  soul-stirring  sentiments.  To  touch  upon  his  more  impor- 
tant work,  and  afford  even  a  limited  conception  of  his  general  worth  and 
character,  is  all  I  can  hope  to  do. 
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Robert  Campbell  Gemmell,  the  son  of  Robert  Brown  Gemmell  and 
Anna  Eliza  Campbell  Gemmell,  was  born  at  Port  Mathilda,  Pa.,  on 
July  5,  1863.  In  the  early  70's,  his  parents  moved  to  Topeka,  Kansas, 
in  which  city  Mr.  Gemmell  secured  a  common  school  education  and 
graduated  from  the  Topeka  High  School.  His  father  being  in,  and 
having  made  good  at,  the  railroad  business,  Mr.  Gemmell  decided  upon 
becoming  a  civil  engineer,  and  to  that  end,  in  1880,  entered  upon  the 
study  of  his  profession  at  the  University  of  Michigan,  from  which  he 
received  his  degree  of  B.  S.  in  1884. 

From  the  summer  of  1884  until  the  summer  of  1890,  he  was  employed 
in  the  engineering  department  of  the  Atchison,  Topeka  &  Santa  Fe 
Railway  Co.,  rising  to  the  position  of  division  engineer  in  charge  of 
construction  work,  with  2000  men  under  his  direction.  In  1891,  he 
located  in  Pendleton,  Ore.,  where  he  engaged  in  an  extensive  private 
practice  of  his  profession  extending  over  Oregon,  Washington  and  Idaho. 
In  1893,  he  located  in  Salt  Lake  City,  Utah,  where,  in  addition  to  his 
private  practice,  he  was  employed  in  the  engineering  department  of  the 
city.  He  returned  to  his  alma  mater,  at  Ann  Arbor,  Michigan,  and 
there  received  his  degree  of  C.  E.,  in  1895.  Resuming  his  practice 
in  Salt  Lake  City,  he  became  engineer  for  the  mines  of  Capt.  Joseph 
R.  DeLamar  including  the  Golden  Gate  and  the  Consolidated  Mercur 
properties  at  Mercur,  Utah.  Upon  the  admission  of  Utah  to  statehood 
in  the  Union,  he  became  its  first  state  engineer,  and  held  that  position 
from  1898  to  1901.  He  next  went  to  Mexico  as  manager  of  the  Mexican 
Syndicate  Mining  Co.,  followed  by  the  superintendency  of  the  properties 
of  the  Guggenheim  Exploration  Co.  In  Mexico,  he  acquired  pro- 
ficiency in  the  Spanish  language.  In  1905,  he  journeyed  to  Spain, 
where  he  examined  gold-mining  properties  for  a  syndicate  of  New  York 
capitalists. 

Immediately  upon  his  return,  and  in  January,  1906,  he  became 
associated,  in  the  capacity  of  superintendent  of  mine  and  mills,  with 
the  Utah  Copper  Co.,  of  which  D.  C.  Jackling  was  then  general  manager, 
and  continued  with  that  company,  which  through  the  joint  efforts  of 
those  gentlemen  has  been  brought  to  such  a  productiveness  as  to  make 
its  name  known  throughout  the  mining  and  financial  world.  Three 
years  later  he  became  assistant  general  manager  of  the  Utah  Copper  Co. 
and  on  May  1,  1913,  became  its  general  manager,  succeeding  Mr.  Jack- 
ling,  whose  various  and  extended  interests  obliged  him  to  move  to  San 
Francisco,  Cal.,  and  who  became  its  managing  director  and  vice-president. 
At  this  time,  in  June,  1913,  his  university  conferred  upon  Mr.  Gemmell 
the  honorary  degree  of  Master  of  Engineers,  the  highest  degree  the 
profession  affords.  During  these  years,  he  became  consulting  engineer 
for  the  Ray  Consolidated  Copper  Co.,  the  Chino  Copper  Co.,  and  the 
Nevada  Consolidated  Copper  Co.,  as  well  as  general  manager  of  the 
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Bingliain  &  Garfield  Railway  Co.  In  June,  1919,  he  was  made  assistant 
managing  director  of  the  Utah,  Ray,  Chino,  and  Nevada  properties, 
in  which  capacity  he  had  visited  the  Chino  property,  when,  on  Oct.  25 
last,  while  en  route  to  Los  Angeles,  Cal.,  on  the  Sunset  Limited,  he  lay 
down  to  take  a  nap,  and,  while  he  was  sleeping  peacefully,  passed  away. 

On  Oct.  17,  1888,  Mr.  Gemmell  married  Miss  Belle  Evans  Anderson 
of  Salt  Lake  City,  who  was  also  a  Michigan  graduate,  and  a  leader  in 
the  social  and  club  life  of  this  city,  and  w^ho  survives  him. 

He  was  fond  of  hunting  and  fishing,  an  ardent  golf  player,  and  a 
clubman  of  popularity  and  prominence.  He  was  never  too  busy  to 
concern  himseK  with  the  uplift  of  boys,  and  it  pleased  him,  beyond 
measure,  to  contribute  to  their  happiness.  The  public  good  found 
him  alwaj's  responsive  to  the  demands  and  duties  of  patriotic  citizenship. 
All  that  tended  to  aid  Utah  in  a  material  way,  to  develop  her  resources, 
add  to  her  capital,  population  or  industries,  to  encourage  education, 
and  to  relieve  the  suffering  of  her  needy,  found  in  him  a  ready  and 
enthusiastic  champion. 

He  was  a  true  man  in  all  that  the  word  implies.  His  genuine  indi- 
viduality never  resorted  to  an  artificial  diplomacy,  never  pretended  to 
an  agreement  for  the  sake  of  an  advantage,  and  never  made  concessions 
to  escape  responsibilities.  His  broad  and  hberal  views,  his  moral  and 
upright  character,  his  kind  and  gentle  disposition,  his  polite  and  unassum- 
ing manner,  his  frank,  generous,  hearty,  cheery  good  will  to  all,  won 
men  to  him  and  gave  him  a  power  over  human  hearts  which  was  both 
deep  and  strong.  His  career  was  one  of  magnificent  development 
and  broad  usefulness.  Seldom  have  men  been  endowed  with  such 
vigor  of  intellect.  His  was  a  sober  judgment  that  measured  opportuni- 
ties, and  the  sagacity  and  self  poise  that  enabled  him  to  plan  wisely 
and  execute  efficiently.  The  lofty  heights  reached  by  him  in  his  chosen 
profession  bear  indisputable  testimony  of  his  untiring  zeal,  uncon- 
querable energy  and  unquestionable  abihty. 

The  engineering  profession  can  have  no  better  thing  to  be  proud  of 
than  such  a  character;  in  all  her  store,  she  has  no  richer  jewel  to  display 
than  the  fame  of  such  a  son.  Mr.  Gemmell  well  earned  the  high  position 
he  held  in  our  councils  and  in  our  hearts. 

A  whiter  soul,  a  fairer  mind, 
A  life  with  purer  couree  and  aim, 
A  gentler  eye,  a  voice  more  kind, 
We  may  not  look  on  earth  to  find; 
The  love  that  lingers  oer  his  name, 
Is  more  than  fame. 

Mr.  Gemmell  was  a  member  of  the  American  Institute  of  Mining 
and  IVIetallurgical  Engineers,  the  ISIining  and  Metallurgical  Society  of 
America,  the  American  Society  of  Civil  Engineers,  the  Utah  Chapter 
of  the  American  Mining  Congress  (he  was  the  prime  organizer  and  the 
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first  governor  of  this  chapter),  and  the  Sons  of  the  American  Revolution. 
He  was  honorary  president  and  national  representative  of  the  Salt  Lake 
Council  of  the  Boy  Scouts  of  America.  He  was  also  appointed  by  the 
Governor  of  Utah  on  the  committee  which,  in  1916,  prepared  the  draft 
of  the  Workmen's  Compensation  Act  of  Utah. 

He  was  a  member  of  the  Alta,  the  University,  the  Country,  the 
Commercial  and  Rotary  clubs  of  Salt  Lake  City;  of  the  Rudy  Duck 
and  the  Bear  River  Duck  clubs  of  Utah;  of  the  Flat  Rock  Club  of  Idaho; 
and  of  the  Sequoyah  Country  Club  of  Oakland,  Cal. 

D.  C.  Jackling,  in  a  letter  written  to  the  Institute,  expressed  the 
feeling  of  Mr.  GemmelFs  many  friends.  He  said:  "Gemmell,  personally, 
was  the  kind  of  man  whom  it  was  a  rare  privilege  to  know  and  call 
friend;  as  an  engineer,  he  was  capable  and  thorough  to  the  degree  of 
brilliance;  as  an  operating  official,  he  was  patient  and  considerate  as 
few  have  the  character  to  be,  but,  at  the  same  time,  persistent  to  a  degree 
that  could  not  be  satisfied  by  anything  short  of  economic  perfection. 
Altogether,  he  was  a  great  man,  a  great  engineer,  and  a  great  friend.' 


Levi  Holbrook 

Levi  Holbrook  was  born  in  Westboro,  Mass.,  March  7,  1836.  He 
was  a  descendant  of  John  Holbrook,  who  came  from  England  in  1660 
and  settled  in  the  Massachusetts  Bay  Colony. 

Mr.  Holbrook  was  prepared  for  college  at  Williston  Seminary,  East- 
hampton,  Mass.,  and  after  one  year  spent  in  the  West,  he  entered  Yale. 
He  was  a  member  of  Phi  Beta  Kappa  and  of  Linonia. 

During  the  six  months  following  his  graduation  he  was  in  Boston, 
under  medical  treatment  for  his  eyes;  then  he  took  a  horseback  trip  across 
the  Rocky  Mountains  to  the  Columbia  River  and  back,  and  resided 
in  Danville,  Va.,  for  a  time.  From  1860  to  1863,  as  his  eyes  permitted, 
he  was  a  student  of  modern  languages  and  literature  in  Cambridge, 
Mass.,  part  of  the  time  being  a  resident  graduate  at  Harvard  University. 
Finally,  however,  he  was  obliged  to  abandon  the  idea  of  a  literary  life 
and  from  1864  to  1867  he  was  engaged  in  financial  business  in  Boston. 
The  following  year,  he  spent  in  New  York,  and  then  traveled  for  a  year 
in  Europe,  Eg\'pt  and  Asia  Minor.  In  1871,  he  returned  to  Xew  York 
City. 

Mr.  Holbrook  was  a  member  of  the  New  England  Historic  Genea- 
logical Society,  the  Society  of  Colonial  Wars,  and  the  Sons  of  the  Revolu- 
tion, was  registrar  general  of  the  Order  of  the  Founders  and  Patriots  of 
America  from  1915  to  1920,  and  had  been  governor  of  the  New  York 
society  of  that  order.  He  was  also  a  member  of  the  American  Fine 
Arts  Society,  the  Order  of  the  Cincinnati,  the  American  Geographical 
Society  (of  which  he  was  a  councillor  and  secretary),  and  the  Geographical 
Society  of  America.  He  joined  the  American  Institute  of  Mining  Engi- 
neers in  1878,  and  served  as  manager  from  1895  to  1897. 

Mr.  Holbrook  died  on  Jul}-  26,  1922,  from  organic  heart  trouble, 
at  his  residence  in  Center  Harbor,  N.  H.  He  was  married  Dec.  27, 
1871,  in  Newark,  N.  Y.,  to  Viola,  daughter  of  John  A.  and  Ehzabeth 
(Failing) Vowers,  who  died  on  Sept.  10,  less  than  six  weeks  after  her 
husband.  His  two  children,  Clark  Holbrook  of  Red  Bank,  N.  J.,  and 
Mrs.  Julian  P.  Smith,  survive  him. 
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Accident  prevention,  results,  Utah,  360. 
Accidents:  classification,  Anaconda  Copper  Mining  Co.,  9. 
coal  mining:  comparison  with  metal  mining,  360. 
pillar  mining,  323. 
relation  to  method,  323. 
shafts,  207,  209. 
Utah,  363. 
concentrating  mills,  Utah,  362. 
metal  mining,  361,  363. 
mine,  Utah,  360. 

report  blanks,  Anaconda  Copper  Mining  Co.,  13,  15. 
statistical  base,  Anaconda  Copper  Mining  Co.,  9. 
Adsorption:  air-liquid  surfaces,  508. 
apparatus,  514. 

comparative  data,  512,  513,  514,  516,  527. 
definition  and  nature,  480. 
emulsion  phenomena,  501. 
measurements,  483. 
solid  surfaces,  482,  510,  534. 
tests,  514. 

thickness  of  films,  518. 
Air:  composition,  coal  mines,  369,  373. 
mine,  quality,  35. 
quality:  effect  on  workers,  396. 
kata-thermometer,  389. 
standard  atmosphere,  393. 
Air  resistance,  mine,  37,  55. 
Air  velocity,  shafts,  73. 
Alabama,  coal  field,  recoveries,  317. 
Alberta,  oil  fields,  986,  987. 
Alice  Arm  district,  geology,  541. 

Allen,  C.  A.:  A71  Inventory  of  Res  alls  of  Accident  Prevention,  360. 
Aluminum-alloy  castings:  contraction,  834,  835. 
cracking,  factors,  834. 
cracks:  metallography,  844. 
photographs,  845. 
prevention,  853. 
hot-shortness  tests,  856,  857. 
molding,  838. 

patternmaker's  shrinkage,  833,  856. 
pouring  and  melting,  840,  841. 
properties  at  high  temperatures,  842. 
shrinkage,  834,  856,  858. 
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Aluniiiuim  alloj-s,  tensile  strength  at  liigh  temperatures,  842. 

Aluminum  bronze,  see  Bronze,  aluminum. 

Aluminum  flake,  599. 

Aluminum,  molten,  temperature  measurement,  873. 

Aluminum-silicon  alloj^s,  cracking,  859,  860. 

Aluminum-zinc  alloys:  castings,  steam-exposed,  830. 

commercial,  802. 

conductivity  curves,  775,  783,  793. 

effect  of  impurities,  797. 

equilibrium  diagram,  774. 

expansion  curves,  804,  810,  814. 

oxidation,  797. 

photomicrographs,  787,  788,  816. 

tensUe  strength  and  corrosion,  826,  828. 

tests  of  stability,  798. 
Amorphous-film  theory:    Beilby,  604,  1152. 

reasons  for  rejection,  606. 
Anaconda  Copper  Mining  Co. :  accident  report  blanks,  13,  15. 

Bureau  of  Safety,  see  Safety  bureau,  Anaconda  Copper  Mining  Co. 

contracts,  mine,  128. 

electric  haulage,  see  Butte  mines,  electric  haulage. 

electric  signal  installations,  96. 

electrical  equipment,  see  Power  distrihuiion. 

fire  prevention,  77. 

first  aid,  12,  22,  24. 

haulage  locomotives,  102,  108,  151. 

hoisting,  112. 

installations  at  mines,  3. 

mine  fires,  5,  61,  77. 

mining  methods,  3. 

power  distribution,  86. 

rescue  work,  28,  83. 

safety  rules,  16. 

sampling,  mine,  134. 

stope  cost  records,  124. 

stoping  methods,  124. 

"The  Anode,"  27. 

ventilation,  4,  33. 

wire  rope,  112. 
Analj'sis :  bearing  metals,  735. 

bronze,  manganese,  647. 

die-casting  alloj's,  831. 

Mayari  pig  iron,  931. 

water,  Calumet  &  Arizona  mines,  553. 
Anderson,  Robt.  J. :  Cracks  in  Aluvnnum-alloy  Castings,  833;  Discussion:  858,  859. 

Discussion  on  Gas  Absorption  and  Oxidation  of  Non-ferrous  Metals,  869. 
Animal  tramming,  149,  168. 
Annealing:  cartridge  brass,  725. 

cartridge  cases,  artillery,  684,  692,  702,  710. 

pyrometer  equipment,  877. 
Anthracite  mining:  employees,  number,  337. 

storage,  348. 

three-shift  operation:  capital,  346. 
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Anthracite  mining:  three-shift  operation:  costs,  comparative,  356. 
development,  333. 
examples,  349. 
labor,  332. 

outside  force,  344,  345. 
preparator,  341. 
storage  of  coal,  348. 
supply  account,  347. 
underground  forces,  333,  357. 
working  force,  336. 
Antimonial  lead  alloys,  arsenic  effect,  735,  745. 
Arches  Fork  anticline,  geology,  1138. 
Argentine,  oil  laws,  1066. 
Arizona,  dust  prevention,  384. 

Arnold,  C.  E.  :  Discussion  on  Electric  Haulage  Systems  in  Butte  Mines,  108. 
Arnold,  Ralph,  Bryan,  Barn.\bas,  and  Macready,  Geo.  A. :  Petroleum  Resources  oj 

Venezuela,  1052. 
Arnold,  Ralph  and  English,  Walter  A. :  Canadian  Oil  Reserves,  985. 
Arsenic:  effect  in  antimonial  lead  alloj^s,  735,  745. 

effect  in  babbitt,  747. 
Arsenical  Bearing  Metals  (Roast  and  Pascoe),  735;  Discussion:  (Jones),  744;  (Cowan), 

745;  (Frank),  747;  (Corse),  747;  (Roast),747. 
Artillery  cartridge  cases,  see  Cartridge  cases,  artillery. 
Ashio  copper  mine:  drilUng,  245. 
geology,  241,  248. 
map,  243. 

mining  methods,  244. 
ore,  241. 

smoke  problem,  250. 
stoping,  244. 
Ashio  drill,  245. 
Ashmead,  Dever  C. :  Can  Anthracite  Mines  he  Operated  Profitably  on  More  than  One 

Shift?  332.  , 
Atmosphere,  furnace,  melting,  802,  809. 
Atomic  arrangement:  brass,  629. 
metals,  628. 
solid  solutions,  625. 
Austenite,  comparison  with  boydenite,  925. 
Austin,  M.  M.,  Schwartz,  H.  A.,  Payne,  A.  R.,  and  Gorton,  A.  F. :  Conditions  of 

Stable  Equilibrium  in  Iron-carbon  Alloys,  916. 
Automatic  substations.  111. 
Ayres,  W.  S.;  Discussion  on  Can  Anthracite  Mines  be  Operated  Profitably  on  More 

than  One  Shift?.  358. 
Aztec  Mine,  Baldy,  Neio  Mexico  (Chase  and  Muir),  270. 
Aztec  mine:  costs,  281. 
derivation  of  ore,  277. 
development,  270. 
geology,  271. 
history,  270. 
mining  and  milling,  280. 
orebodies,  274. 
prospecting,  279. 
section,  273. 
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Babbitt  metal,  arsenic  effect,  747. 

Bailey  electric  furnace,  casting  non-ferrous  metals,  863. 

Bain,  Edgar  C.  :  Crystal  Structure  of  Solid  Solutions,  625;  Discussion,  640. 

Bancroft,  Wilder  D.  :  Colloid  Chemistry  and  Metallurgy,  604. 

Barbados:  geology,  1087. 

oil  reserves,  1087. 
Barytes:  preparation,  591. 

Southeastern  States,  590. 
Basic  Principles  of  Gravity   Concentration — A   Mathematical  Study   (Simons),   431; 
Discussion:  (Davelek),  450;  (Locke),  450;  (Stevens),  451;  (Demond), 
452;  (Richards),  459;  (Simons),  461. 
Bassett,  W.  H.  :  Discussion  on  Testing  Artillery  Cartridge  Cases,  723,  724. 
B.\ssETT,  W.  H.  and  Davis,  C.  H.  :  Spectrum  Ajialysis  in  an  Industrial  Laboratory, 

662;  Discussion,  667. 
Bearing  metals:  analyses,  735. 

arsenical,  735. 

Brinell  tests,  743,  748. 

crushing  tests,  742. 

crystal  study,  738,  741. 

fracture  examination,  737. 

microscopic  examination,  738. 

photomicrographs,  739. 

strength,  742. 

tests,  735. 

thermal  analyses,  736. 
Bedm'orth,  R.  E.  and  Pilling,  N.  B.  :  Mechanism  of  Metallic  Oxidation  at  High 

Temperatures,  618. 
Beilby  amorphous-film  theory,  604,  1152. 
Berrien,  C.  L.  :  Stope  Cost  Records  and  Mine  Contracts  of  the  Anaconda  Copper 

Mining  Co.,  124. 
Berrien,  C.  L.  and  Daly,  Wm.  B.  :  Milling  Methods  and  Installations  of  Anaconda 

Copper  Mining  Co.  at  Butte,  Mont.,  3. 
Bierbaum,  C.  H.  :  Discussions:  on  the  Effect  of  Impurities  on  the  Oxidation  and  Swelling 
of  Zinc-aluminum  Alloys,  828. 
on  Occurrence  of  Blue  Constituent  in  High-strength  Manganese  Bronze,  659. 
on  Testing  Artillery  Cartridge  Cases,  723. 
Big  Injun  oil  sand:  map,  1141. 

thickness,  1138. 
Big  Injun  Sand  oil  pool,  valuation,  1123,  1125. 
Big  Lime  oil  sand,  structure,  1138,  1139,  1144. 
Bingham,  K.  E.  :  Discussion  on  Studies  on  the  Constitution  of  Binary  Zinc-base  Alloys, 

794. 
Biographical  notice:  Gemmell,  R.  C,  1168. 

Holbrook,  Levi,  1172. 

Howe,  Henry  Marion,  1157. 

Sjogren,  Hjalmar,  1165. 

Williams,  Gardner  F.,  1163. 
Bisbee,  Ariz.,  steam -shovel  operation,  see  Sacramento  Hill. 
Blackwelder,  Eliot:  Petroleum  Resources  of  China  and  Siberia,  1105. 
Blasting  caps  and  machines,  electric,  217,  219. 
Blasting:  circuit  testing,  221. 

cordeau-bickford  fuse,  235. 
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Blasting:  quarries,  235. 

Sacramento  Hill,  262. 

safety  rules,  21. 
Blue  constituent:  brass,  645,  656. 

bronze,  manganese,  649,  656. 
BoARDMAN,  J.  L.  and  Goodale,  C.  W.  :  Bureau  of  Safety  of  Anaconda  Copper  Mining 

Co.,  8. 
BoECK,  John  W.  and  Woyski,  B.  :  Gas  Absorption  and  Oxidation  of  Non-ferrous 

Metals,  861. 
Boericke,  W.  F.  :  Sampling  and  Estimating  Zinc  and  Lead  Orebodies  in  Mississippi 

Valley,  417. 
Bolivia,  oil  laws,  1069. 
Booster  fans,  ventilation,  372,  375. 

Bowles,  Oilver  C.  :  Discussio7i  on  Non-metallic  Mineral-filler  Industry  in  the  South- 
eastern States,  599. 
Boydenite,  925. 

Brainin,  C.  S.  :  Discussion  on  Spectrum  Analysis  in  an  Industrial  Laboratory,  667. 
Branner,  John  C.  :  Oil  Possibilities  in  Brazil,  1057. 
Brass:  atomic  arrangement,  629. 

blue  constituent,  645,  656. 

brazing,  pyrometer  equipment,  875. 

cartridge,  see  Cartridge  brass. 

constitution,  642. 

gas  absorption  in  casting,  861. 

hardening  element  addition,  effect  on  microstructure,  644,  656. 

iron-zinc  constituent,  653,  657,  659. 

melting,  pyrometer  equipment,  874. 

molten,  temperature  measurement,  873. 

oxidation  in  casting,  861. 

spectrogram,  629. 

third  element  addition,  644. 

tin,  constitution,  645. 
Brauer,  H.  E.  and  Peirce,  W.  M.  :  The  Effect  of  Impurities  on  the  Oxidation  and 

Swelling  of  Zinc-aluminum  Alloys,  796;  Discussion,  829. 
Brazil:  geology,  1057. 

oil  laws,  1064,  1078. 

oil  possibilities,  1057. 
Breakers,  antliracite:  cost  of  construction,  346. 

costs,  356. 

operating  data,  346,  356. 

three-shift  operation,  341. 
Bright,    Graham:    Discussions:    on    Electric    Haxdage    Systems    in    Butte    Mines, 
107,  108. 
on  Safety  Practice  for  Hoisting  Ropes,  184. 
on  Storage-battery  Locomotive  as  Applied  to  Mine  Haulage,  169. 
on  Wire  Rope  and  Safety  in  Hoisting  at  Butte  Mines,  121. 
Britannia  mine,  British  Columbia,  geology,  546. 
British  Columbia:  Alice  Arm  district,  541. 

Britannia  mine,  546. 

copper,  537,  546,  547,  551. 

Copper  Mountain  mine,  547,  551. 

Dolly  Varden  mine,  542,  543. 

Engineer  mine,  541,  544. 

Hidden  Creek  mine,  546. 
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British  Colombia:  map,  540. 
mineral  production,  538. 
mining,  536. 
oU  fields,  987. 
ore  deposits,  540,  541. 
Premier  mine,  542. 
Salmon  River  district,  541. 
structural  features,  537. 
Sullivan  mine,  549. 
British  Columbia  Batholith  and   Related  Ore   Deposits   (Wilson),   530;   Discussion: 

(Van  WAGE^^i:N),  551. 
British  Honduras:  geology,  1007,  1009. 

oil-bearing  formations,  1009. 
Bronze:  aluminum:  deoxidation,  865. 
gassing,  865. 
gas  absorption  in  casting,  801. 
Gulhver's  hypothesis,  653. 
iron-zinc  constituent,  057,  059. 
manganese:  analysis,  647. 

blue  constituent,  049,  056. 
brass  comparison,  054. 
constitution,  040. 
high-strength,  042. 
microstructure,  049. 
photomicrographs,  650,  652,  655. 
properties,  647. 
tests,  647,  648. 
molten,  temperature  measurement,  873. 
oxidation  in  casting,  801. 
tin  sweat,  803. 
Browning,  P.  D. :  Discussion  on  Systetns  of  Mining  in  Pocahontas  Coal  Field  and 
Recoveries    Obtained   and    Some    Considerations   Affecting   Percentage   of 
Extraction  in  Bituminous  Coal  Mines  in  America,  313. 
Brunton,  D.  W.  :  Discussion  on  Mining  Methods  at  the  Ashio  Copper  Mine,  249. 
Bryan,  Barnabas,  Arnold,  Ralph,  and  Macready,  Geo.  A. :  Petroleum  Resources 

of  Venezuela,  1052. 
Bunting,  Douglas:  Discussion    on  Can  Anthracite  Mines  be  Operated  Profitably  on 

More  than  One  Shift?  357. 
Bureau  of  Safety  of  Anaconda  Copper  Mining  Co.  (Goodale  and  Boardman),  8. 
Burgess,  George  K.  :  Discussions:  on  Spectrum  Analysis  in  an  Industrial  Labora- 
tory, 008. 
on  Studies  on  the  Constitution  of  Binary  Zinc-base  Alloys,  792. 
Burns,    KEmN:    Discussion   on  Spectrum  Analysis  in  an  Industrial  Laboratory, 

669. 
Butte  mines:  chutes,  145. 

electric  haulage:  charging  panels,  104. 

locomotives,  102,  108,  150. 
electric  signal  installations,  96. 
handling  ore,  143. 
haulage  systems,  101,  108,  150. 
hoisting  engine  data,  117. 
ventilation,  see  Ventilation,  Butte  mines. 
wire-rope  hoisting,  112. 
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Cadmium,  solubility  in  zinc,  794,  795. 
Cadmium-zinc  alloys:  conductivity  curves,  771,  782. 
equilibrium  diagram,  770. 
photomicrographs,  784,  785. 
Calculation,  crusher  capacity,  463, 
Calumet  is  Arizona  mines,  water  analyses,  553. 

Can  Anthracite  Mines  he  Operated  Profitably  on  More  than  One  Shift?  (Ashmead),  332; 
Discussion:  (Norris),  355;  (Kniffen),  355;  (Grady),  357;  (Bttntino), 
357;  (Ayres),  358;  (Conner),  359;  (Warriner),  .359. 
Canada  Copper  Corpn.,  Copper  Mountain  mine,  547,  551. 
Canada,  oil  fields,  985. 

Canadian  Oil  Reserves  (Arnold  and  English),  985. 
Canby,  R.  C.  :  Discussion  on  Surface  Tension  and  Absorption  Phenomena  in  Flotation, 

530. 
Canvas  tubing,  ventilation,  59. 
Capacity,  rock  crushers,  controlling  factors,  463. 

Capital,  invested,  mines,  recommendations  of  committee  on  taxation,  1147. 
Carbon  dioxide,  effect  on  men,  374. 

Carbon-iron  alloys,  stable  and  metastable  equililiriuni,  916,  927. 
Carbon,  solubility  in  iron,  921. 
Cartridge  brass:  annealed:  elongation,  733. 
photomicrographs,  727. 
tensile  strength,  733. 
Brinell  hardness,  728,  729. 
physical  properties,  annealing  effect,  725. 
Cartridge  cases,  artillery:  annealing,  684,  692,  702,  710. 
baUistic  testing,  711. 
Brinell  Umits,  671. 
cracking,  692,  723. 
defect  causes,  719. 
disks,  670. 
elongation,  715. 
grain  size,  684. 
manufacture,  670,  716. 
mercuric  testing,  692,  723. 
microstructure  requirements,  682. 
photomicrographs,  672,  720. 
primer-hole  conditions,  713,  718. 
season  cracking,  692,  723. 
tensile  strength,  671,  682. 
tests:  ballistic,  711. 
mercuric,  692,  723. 

methods,  684,  689,  696,  698,  711,  712,  723. 
specifications,  675,  680. 
tensile  strength,  678. 
Cast  iron:  nickel-chromium  effect,  930. 
white:  critical-point  curves,  918. 
photomicrographs,  919. 
temperature-resistance  curve,  922. 
Casting,  non-ferrous  metals:  furnace  atmosphere,  862,  869. 
gassing,  861. 
oxidation,  861. 
tings:  aluminum-alloy,  see  Aluminum-alloy  castings. 
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Castings:  cracking,  factors,  834. 

shrinkage,  834,  856,  858. 
Caving  system,  ventilation,  379. 
Cellular  oxide  group  of  metals,  620. 
Cement  gun,  mine  shafts,  75,  77,  78. 
Central  America:  geologj',  1004. 

oil-bearing  formations,  1008. 

oil  reserves,  1004. 

tectonics,  1006. 

vulcanism,  1007. 
Cerro  Azul  oil  pool,  Mexico,  990,  991,  992. 
Channing,  J.  Parke:  Discussion  on  Sampling  and  Estimating  Zinc  and  Lead  Orebodies 

in  Mississippi  Valley,  421. 
Charging  panels,  electric  locomotives,  104. 

Chase,  Charles  A.  and  Mrm,  Douglas:  The  Aztec  Mine,  Baldy,  New  Mexico,  270. 
Chile,  oil  laws,  1065. 
China:  geolog>-,  1106. 

map,  oil  areas,  1106. 

oil  resources,  1105,  1109. 
Chromium-nickel  pig  iron,  see  Nickel-ckramium  pig  iron. 
Chromium,  spectrogram,  633. 
Churn-drill  sampling,  Wisconsin,  419. 
Chutes,  ore,  145. 
Clagett,  Thomas  H.  :  Systems  of  Mining  in  Pocahontas  Coal  Field  and  Recoveries 

Obtained,  294;  Discussion,  326. 
Clapp,  Frederick  G.  :  Discussion  on  Petroleum  Resources  of  China  and  Siberia,  1109. 
Classifying,  hydraulic,  mathematical  study,  451,  453,  460. 
Clements,  J.  Morgan:  Petroleum  Resources  of  Japan,  1097. 

Coal-mine  Ventilation  (Walsh),  369;  Discussion:  (Daly),  372,  373;  (Walsh),  372, 
373,  376;  (Sayers),  373;  (Stoek),  373;  (Rice),  373;  (Paul),  374;  (Har- 
rington), 374;  (Thomas),  374. 
Coal  mining:  accidents,  see  Accidents,  coal  mining. 

Alabama  field,  317. 

choice  of  methods,  308,  310. 

disasters,  365. 

electric  shot-firing,  231. 

extraction  percentage,  .300,  305,  315,  316,  317,  328. 

loss  of  coal  in  pillars,  305. 

machine  mining,  321,  325. 

methods,  choice,  308,  310. 

panel  system,  298,  314. 

pillar-drawing  methods,  309. 

Pocahontas  coal  field,  systems  and  recoveries,  294. 

recoveries,  300,  305,  315,  316,  317,  328. 

room-and-pillar  system,  295,  314,  317. 

second-mining  recovery,  328. 

shaft   accidents,  207,  209. 

iSolvay  Collieries  Co.,  316. 

systems,  295. 

ventilation,  see  Ventilation,  coal  mining. 

Windber  field,  313. 
Cobalt-zinc  alloys:  conductivity  curves,  781,  783. 

equilibrium  diagram,  779,  780. 
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Cobalt-zinc  alloys:  photomicrographs,  790,  791. 

CoLBURN,  C.  L.:  Discussion  on  Wire  Rope  and  Safety  in  Hoisting  at  Butte  Mines,  119. 
Colloid  chemistry:  corrosion,  613. 
flotation,  617 
iron-carbon  diagram,  611. 
Colloid  Chemistry  and  Metallurgy  (Bancroft),  604;  Discussion:  (Sauveur),   1152. 
Colloidal  solutions,  nature,  481. 
Colombia:  geology,  1014,  1023. 
land  laws,  1019. 
map:  areal  geology,  1015. 

oil  fields,  1024. 
oil:  area  of  fields,  1030. 
districts,  1020,  1025. 
future  development,  1020,  1023. 
laws,  1070,  1077. 
possibiUties,  1020,  1023. 
stratigraphy,  1014,  1017,  1018,  1026. 
taxes,  oil,  1019. 
Colombian  Oil  Fields  (Huntley  and  Mason),  1014. 
Committee,  federal  taxation  of  mines,  report,  1146. 
Committees,  xv. 
Compressed-air  haulage,  108. 
CoMSTocK,  George  F.  :  Discussion  on  Occurrence  of  Blue  Constituent  in  High-strength 

Matiganese  Bronze,  657. 
Concentration,  gravity,  see  Gravity  concentration. 
Concentration-surface  tension  curves,  483,  488,  491,  502,  507. 
Conditions  of  Stable  Equilibrium  in  Iron-carbon  Alloys  (Schwartz,  Payne,  Gorton, 

and  Austin),  916;  Discussion:  (Davenport),  927;  (Schwartz),  929. 
Conductivity  curves:  aluminum-zinc  alloys,  775,  783,  793, 
cadmium-zinc  alloys,  771,  782. 
cobalt-zinc  alloys,  781,  783. 
copper-zinc  alloys,  773,  782,  792. 
iron-zinc  alloys,  771,  782. 
lead-zinc  alloys,  782. 
magnesium-zinc  alloys,  783. 
manganese-zinc  alloj^s,  778,  782. 
nickel-zinc  alloys,  777,  783. 
Conner,  Eli  T.    Discussion  on:  Can  Anthracite  Mines  be  Operated  Profitably  on  More 

than  One  Shift?  359. 
Consolidated  Mining  &  Smelting  Co.,  mines,  549. 
Constitution-lattice  volume  diagram,  copper-manganese  series,  633. 
Constitution-pattern  diagram:  copper-gold  series,  638. 
copper-nickel  series,  636. 
metals,  632. 
Constitution,  zinc-base  alloys,  767. 
Consumption:  fuel  oil,  United  States,  962,  969,  971. 
gasoline:  relation  to  crude-oil  consumption,  963. 

United  States,  962,  968,  969,  973,  975,  976,  977,  978. 
kerosene.  United  States,  962,  968,  970. 
lubricating  oil.  United  States,  962,  970,  972. 
mineral  filler,  587,  598. 
oil  products.  United  States,  962. 
oil:  storage-consumption  coefficient,  995. 
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Consumption:  oil:  United  States,  959. 

Contracts,  mine,  Anaconda  Copper  Mining  Co.,  128. 

Copper:  Ashio  mine,  see  Ashio  copper  mine. 

British  Columbia  deposits,  537,  546,  547,  551. 

solubility  of  gases,  866. 

spectrogram,  629,  635,  637,  663,  665. 
Copper  carbonate,  deposition  from  mine  water,  552. 
Copper-gold  series,  constitution-pattern  diagram,  638. 
Copper-lead  alloy,  oxidation  in  melting,  867. 

Copper-manganese  series,  constitution-lattice  volume  diagram,  633. 
Copper  Mountain  mine,  British  Columbia,  geology,  547,  551. 
Copper-nickel  series,  constitution-pattern  diagram,  636. 
Copper-zinc  alloys:  conductivity  curves,  773,  782,  792. 

constitution,  642. 

equiUbrium  diagram,  643,  771,  772. 

phase  limits,  646. 

photomicrographs,  785,  786,  787. 
Copper-zinc-tin,  ternary  diagram,  644. 
Cordeau-bickford  fuse,  235. 
Core  ovens :  baking  uniformity,  885. 

comparative  data,  886. 

electric :  baking  data,  882. 
costs,  888,  890. 
heat  losses,  880,  888. 

oil-fired:  baking  data,  884. 
heat  losses,  883. 

temperature  control,  876. 
Core-oven  Tests  (Wolf  and  Grubb),  878;  Discussion:  (Corse),  890;  (Grubb),  890. 
Corrosion:  colloid  chemistry,  613. 

high  temperatures,  618. 
Corrosion  cracking,  cartridge  brass,  692,  723. 

Corse,  William  M.  :  Discussions:  on  Arsenical  Bearing  Metals,  747. 
on  Core-oven  Tests,  890. 

on  Gas  Absorption  and  Oxidation  of  Non-ferrous  Metals,  872. 
Costa  Rica:  geology,  1007,  1011. 

oil,  1011. 

oil  laws,  1067. 
Costs:  animal  tramming,  149. 

anthracite  preparation,  three-shift  operation,  356. 

Aztec  mine.  New  Mexico,  281. 

core  ovens,  888,  890. 

haulage,  109,  149,  151,  154,  157,  161. 

safety  work.  Anaconda  Copper  Mining  Co.,  31. 

steam-shovel  operations,  268,  269. 

storage-battery  locomotives,  157,  161. 

ventilation,  Butte  mines,  52. 
CoTTiNGHAM,  Kenneth:  Subswface  Conditions  on  Portion  of  Arches  Fork  Anticline, 

1138. 
Cowan,  William  A.:  Discussion  on  Arsenical  Bearing  Metals,  745. 
Cox,  G.  L. :  Discussion  on  Systems  of  Mining  in  Pocahontas  Coal  Field  and  Recoveries 
Obtained   and   Some   Considerations   Affecting   Percentage   Extraction   in 
Bituminous  Coal  Mines  in  America,  316. 
Cracking,  season,  cartridge  brass,  692,  723. 
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Cracks,  castings:  cause,  833. 

hot-shortness  tests,  856,  857. 

metallography,  844. 

prevention,  853. 

shrinkage  factor,  834. 
Cracks  in  Aluminum-alloy  Castings  (Anderson),  833;  Discussion:  (Dix),  854,  859; 

(Anderson),  858,  859;  (Swan),  859;  (Stay),  859;  (Lange),  860. 
Creosote,  efifect  on  surface  tension  in  flotation,  497. 
Critical  density  ratio,  metals  and  oxides,  620. 
Critical-point  curves:  malleable  iron,  918. 

white  cast  iron,  918. 
Crosscuts,  safety  rules,  19. 
Crushers,  see  Rock  crushers. 
Crushing  strength,  bearing  metals,  742. 
Crystal  structure,  metals,  628. 
Crystal  Structure  of  Solid  Solutions  (Bain),  625;  Discussion:  (St.  John),  639;  (Bain), 

640;  (Merica),  640. 
Crystallinity,  metals,  626. 
Crystallograms,  640. 
Cuba:  geology,  1083. 

oil,  possibUities,  1083. 

Dalbet,  G.  E.  :  Discussion  on  Testing  Artillery  Cartridge  Cases,  723. 
Daly,  W.  B.  :  Discussions:  on  Coal-mine  Ventilation,  372,  373. 

on  Mine  Fires  and  Hydraulic  Filling  and   Underground  Fire  Prevention  by 

the  Anaconda  Copper  Mining  Co.,  73,  74. 
on  Organization  of  Mine  Sampling  at  Anaconda,  141,  142. 
on  Wire  Rope  and  Safety  in  Hoisting  at  Butte  Mines,  118,  119,  120,  121. 
Daly,  W.  B.  and  Berrien,  C.  L.  :  Mining  Methods  and  Installations  of  Anaconda 

Copper  Mining  Co.  at  Butte,  Mont.,  3. 
Daly,  W.  B.  and  Linporth,  F.  A. :  Organization  of  Mine  Sampling  at  Anaconda, 

134. 
Daveler,  E.  V. :  Discussion  on  Basic  Principles  of  Gravity  Concentration — A  Mathe- 
matical Study,  450. 
Davenport,  E.  S.  :  Discussion  on  Conditions  of  Stable  Equilibrium  in  Iron-carbon 

Alloys,  927. 
Davis,  C.  H.  and  Bassett,  W.  H.  :  Spectrum  Analysis  in  an  Industrial  Laboratory, 

662;  Discussion,  667. 
Decker,  E.  J.:  Discussion    on    Occurrence    of   Blue    Constituent    in    High-strength 

Manganese  Bronze,  658. 
Demond,  Charles  D.  :  Discussion  on  Basic  Principles  of  Gravity  Concentration — A 

Mathematical  Study,  452. 
Density  ratio,  critical,  metals  and  oxides,  620. 
Deonea  mine,  Mexico,  573. 

Depletion,  mines,  recommendations  of  committee  on  taxation,  1150. 
Deposition  of  Copper  Carbonate  from  Mine  Water  (Wilson),  552. 
Detroit  arc  furnace,  casting  non-ferrous  metals,  863,  870. 
Diamond-drill  Sampling  Methods  (Longyear),  423;  Discussion:  (Joralemon),  429: 

(Rutledge),  429;  (Harder),  430. 
Die-casting  alio j^s :  composition,  831. 

properties,  831. 
Disasters,  coal  mining,  365. 
Discoverj^,  mine,  recommendations  of  committee  ou  taxation,  1150. 
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Dix,  E.  H.,  Jr.:  Occurrence  of  Blue  Constituent  in  High-strength  Manganese  Bronze, 
642;  Discussion:  658,  659. 

Discussion  on  Cracks  in  Aluminum-alloy  Castings,  854,  859. 
Dolly  Varderi  mine,  British  Columbia,  geology,  542,  543. 
Doors,  ventilation,  46,  56,  410. 
Drifts,  safety  rules,  19. 
Drill,  Ashio,  245. 
Drilling:  Gogebic  Range,  291. 

mine  sampling,  418,  423. 

Sacramento  Hill,  260. 
Drums,  hoisting,  113,  114,  119,  121,  171. 
Dust,  mine:  character  and  amount,  382. 

determination  of  amount,  386. 

Konimeter,  387. 

prevention,  381,  384. 

standard,  383. 

sugar-tube  determination,  387. 

Eastern  Osage  oil  pool,  valuation,  1124. 

Eavenson,  Howard,  X.:  Disciissio7is:  on  Electric  Haulage  Systems  in  Butte  Mines, 
107. 
on  Storage-battery  Locomotive  as  Applied  to  Mine  Haulage,  167,  168. 
on  Systems  of  Mining  in  Pocahontas  Coal  Field  and  Recoveries  Obtained  and 
Some  Considerations  Affecting  Percentage  of  Extraction  in  Bituminous  Coal 
Mines  in  America,  323,  324,  325,  329,  330,  331. 
Ecuador:  geology,  1032. 
map,  oil  fields,  1033. 
oil:  area  of  fields,  1035. 

present  development,  1034. 
production,  1036. 
resources,  1032. 
oil  laws,  1070. 
Effect  of  Impurities  on  the  Oxidation  and  Swelling  of  Zinc-aluminum  Alloys  (Brauer 
and    Peirce),    796;    Discussion:  (Mathewson),    827;    (Peirce),    828; 
(Bierbaum),  828;  (Rawdon),  828;  (Brauer  and  Peirce),  829. 
Effect  of  Nickel-chromium  on  Cast  Iron  (Moldenke),  930. 

Efficient  Ventilation  of  Metal  Mines  (Harrington),  406;  Discussion:  (Simpson),  416. 
Electric  blasting  apparatus,  217. 
Electric  core  ovens,  see  Core  ovens,  electric. 
Electric  haulage,  Butte  mines,  see  Butte  mines,  electric  haulage. 

Electric  Haulage  Systems  in  Butte  Mines  (Woodward),  101;  Discussion:  (Kelly), 
107;  (Bright),  107,  108;  (Eavenson),  107;  (Arnold),  108;  (Rosenblatt), 
109;  (Pauly),  111. 
Electric  locomotives,  see  Locomotives,  electric. 
Electric  shot-firing,  see  Shot-firing,  electric. 
Electric  Signal  Installations  in  Butte  Mines  (Woodward),  96.  ■ 
Electrical  equipment,  Anaconda  Copper  Mining  Co.,  see  Power  distribution. 
Electrical  properties,  nickel  and  monel  metal,  750. 
Electrical  work,  safety  rules,  19,  23. 
Elliott,  George  K.  :  Discussion  on  Spectrum  Analysis  in  an  Industrial  Laboratory, 

668. 
Elliott,  S.  R.  :  Spies  Open-stope  System  of  Mining,  282. 
Elongation:  cartridge  brass,  annealed,  733. 
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Elongation:  cartridge  cases,  artillery,  715. 
Emulsion,  definition  and  nature,  481. 
Engineer  mine,  British  Columbia,  geology,  541,  544. 
English,  Walter,  A.  and  Arnold,  Ralph:  Canadian  Oil  Reserves,  985. 
Enzian,  Charles  :  Discussion  on  Systems  of  Mining  in  Pocahontas  Coal  Field  and 
Recoveries  Obtained  and  Some  Considerations  Affecting  Percentage  of  Ex- 
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telephone  installations,  67. 
temperature  and  humidity,  66,  71. 

Fire  Filhng  department,  Anaconda  Copper  Mining  Co.,  70. 
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Coal  Mines  in  America,  328,  329, 
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association  with  humus  acids,  1112. 
Barbados,  possibilities,  1087. 
Brazil,  possibilities,  1057. 
British  Honduras,  1009. 
China,  map  of  fields,  1106. 
Colombia:  area  of  fields,  1030. 
districts,  1025. 

future  development,  1020,  1023. 
possibihties,  1020,  1023. 
consumption.  United  States,  960. 
consumption-storage  coefficient,  995,  997,  999. 
Costa  Rica,  1011. 
Cuba,  possibilities,  1083. 
demand,  forecasting  methods,  965,  971. 
Ecuador:  area  of  fields,  1035. 
present  operations,  1034. 
production,  1036. 
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map,  1131. 
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Haiti,  possibilities,  1084. 
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Japan:  depth  of  wells,  1101. 

districts,  1098. 
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grade,  1100. 

history,  1097. 
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lubricating,  see  Lubricating  ail. 
Mexico:  Cerro  Azul  pool,  990,  991,  992. 
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future  production,  990. 

knife  edge,  993. 

production,  989. 

statistics,  994,  998. 

storage-consumption  coefficient,  995,  997,  999. 

taxes,  1001. 

Toteco  pool,  990,  992. 

wildcat  wells,  994. 
origin,  see  Origin,  oil. 
Panama,  1011. 
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Mexico:  Peru:  future  production,  1048. 

geological  sections  of  fields,  1044. 

Lobitos  field,  1043. 

localities,  1038. 

Negritos  field,  1043. 

production,  1038,  1048,  1049. 

Pusi  field,  1041,  1045. 
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shales,  1047. 

Zorritos  field,  1042. 
Philippine  Islands :  area  of  fields,  1095, 

map  of  regions,  1092. 
Porto  Rico,  possibilities,  1083,  1088. 
price,  storage-consumption  relation,  996. 
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Central  America,  1004. 
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Ecuador,  1032. 

Haiti,  1084. 

Japan,  1097,  1102. 
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West  Indies,  1082. 
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foreign  dependence,  956. 
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statistics,  Mexican  influence,  994,  998. 
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supply,  growth,  961. 
Venezuela:  cost  of  production,  1053. 

map  of  fields,  1054. 

regions,  1053. 

resources,  1052. 
West  Indies,  possible  areas,  1082. 
Oil  fields:  Alberta,  986,  987. 
British  Columbia,  987. 
Canada,  985. 

Mackenzie  River  district,  988. 
Oillaws:  Argentine,  1066. 
Bolivia,  1069. 
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Oil  Resources  of  Ecuador  (Marsters),  1032. 
OU  Resources  of  Peru  (Marsters),  1038. 
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Peru,  1047. 
Oil  wells,  shot-firing,  236. 
Oleic  acid,  surface-tension  effect,  504. 
Open-stope  mining  system,  Spies  mine,  282. 
Ore  deposits,  British  Columbia,  540,  541. 
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organic  hydrocarbon  transformation,  1114. 

Sierra  Mojada  ore  deposits,  Mexico,  564,  577. 
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Oxidation:  aluminum-zinc  alloys,  797. 
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reversibility,  619. 
Ozone,  use  in  ventilation,  401. 
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oil  laws,  1074. 
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oil  possibilities,  1083,  1088. 
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Possible  Petroleum  Reserves  of  Philippine  Islands  (Pratt),  1091. 
Powder,  safety  rules,  20,  21. 
Power  distribution,  Anaconda  Copper  Mining  Co. :  cables,  87. 
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product  size,  471. 
roughness  of  jaws,  475. 
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Rock  crushed  capacity;  speed,  471. 

toughness  and  density  of  rock,  4G8,  469. 
Rock-dust  prevention,  mining,  381,  384. 
Rollers,  hoisting,  181,  182. 

Room-and-pillar  system,  coal  mining,  295,  314,  317. 
Rope  wear,  hoisting,  120,  122,  191,  199. 
Ropes,  hoisting,  see  Hoisting,  rope. 

Rosenblatt,  Gerard  B.  :  Discussion  on  Electric  Haulage  Systems  in  Butte  Mines,  109. 
RuTLEDGE,  J.  J. :  Discussion  on  Diamond-drill  Sampling  Methods,  429. 

Sacramento  Hill:  blasting,  262. 

drilling,  260. 

equipment  used,  266. 

haulage,  264. 

mining  methods,  251. 

opening  of  pit,  254. 

sampling,  265. 

shoveling,  264. 

steam-shovel  operations,  259. 

track  system,  256. 
Safety  bureau.  Anaconda  Copper  Mining  Co.:  accident  classification,  9. 

accident  statistics,  9. 

costs,  31. 

discipline,  26. 

field  day,  29. 

inspections,  25. 

motion  pictures,  27. 

organization,  8. 

prizes,  16. 

rules  for  safety,  16. 

smelter  safety  work,  30. 

value,  4. 
Safety  catches,  hoisting,  214. 
Safety  Devices  for  Mine  Shafts  (Kodlich),  206. 
Safety:  hoisting,  112,  171,  190,  206. 

training,  methods,  367. 
Safety  meetings,  Utah,  366. 
Safety  Practice  for  Hoisting  Ropes  (Raymond),  171;  Discussion:  (Tillson),  182,  184, 

186;  (Bright)  184;  (Kudlich)  184,  186;  (Howe),  185;  (Peele),  185. 
Safety  rules,  Anaconda  Copper  Mining  Co.,  16. 
Safety  work,  smelters,  30. 
Salmon  River  district  geology,  541. 
Salt  Creek  oil  pool,  valuation,  1125. 
Salvador,  oil  laws,  1065,  1077. 
Sampling  and  Estimating  Zinc  and  Lead  Orebodies  in  Mississippi  Valley  (Boericke),» 

417;  Discussion:  (Channing),  421;  (Thacher),  422. 
Sami^ling:  mine:  Anaconda  Copper  Mining  Co.,  134. 
classification  of  ore,  135. 
churn-drill  method,  418. 
diamond-drill  methods,  418. 
drilling:  analyses  of  core  and  sludge,  426. 
core  box,  423. 
filing  samples,  427. 

VOL.   LXVIII. —  76  J 


1202  INDEX 

Sampling:  mine  drilling:  sludge  collection,  424. 
Lake  Superior  copper  niiues,  421. 
office  records,  139. 
reports,  138. 

underground  methods,  135. 
variation  in  results,  141. 
Wisconsin  orebodies,  417. 
Sacramento  Hill,  265. 
San  Francisco  meeting,  1922,  xxix, 
Santo  Domingo:  geology,  1084. 

oil  reserves,  1084. 
SAxrvEtfR,  Albert:  Discussions:  on  Colloid  Chemistry  and  Metallurgy,  1152. 

on  Neumann  Bands  as  Evidence  of  Action  of  Explosives  upon  Metal,  915. 
Satehs,  R.  R.  :  Discussion  on  Coal-mine  Ventilation,  373. 
Schuster,  Edward  and  Feuille,  Frank,  Jr.  :  Oil  Laws  of  Latin  America,  1061. 
Schwartz,  H.  A.:  Discussion  on  Conditions  of  Stable  Equilibrium  in  Iron-Carbon 

Alloys,  929. 
Schwartz,  H.  A.,  Payne,  H.  R.,  Gorton,  A.  F.,  and  Austin,  M.  M.  :  Conditions  oj 

Stable  Equilibrium  in  Iron-carbon  Alloys,  916. 
Season  cracking,  cartridge  brass,  692,  723. 
Sebast,  F.  M.,  Hunter,  M,  A.,  and  Jones,  A.:  Some  Electrical  Properties  of  Nickel 

and  Monel  Wires,  750. 
Shafts:  accidents,  coal  mines,  207,  209. 
air  velocitj',  73. 
gate  operation,  209. 
safety  devices,  206. 
safety  rules,  18. 
smooth  surfacing,  39,  73. 
Shale,  petroleum,  see  Oil  shale. 

Shaw,  S,  F.  :  The  Ore  Deposits  of  Sierra  Mojada,  Coahuila,  Mexico,  556. 
Sheaves,  hoisting,  113,  171. 
Shelby,  W.  W.  :  Discussion  on  the  Ore  Deposits  of  Sierra  Mojada,  Coahuila,  Mexico, 

573. 
Sherardizing:  constitution  of  coating,  759,  760,  762. 
definition  and  nature,  757. 
experiments,  757. 
iron  effect  in  zinc  dust,  757. 
vapor  action,  757,  760,  761,  763. 
vs.  galvanizing,  761. 

zinc  determination  in  coating,  759,  765,  766. 
Shipman,  R.  R.  :  Discussion  on  Occurrence  of  Blue  Constituent  in  High-strength  Man- 
ganese Bronze,  659. 
Shot-firing,  electric:  blastmg  caps,  217. 
blasting  machines,  219. 
coal  mining,  231. 
coimections,  224. 
current,  d.  c.  and   a.  c,  228. 
deep-well  shooting,  236. 
delay-action  detonators,  239. 
history,  216. 

inside  and  outside  systems,  232,  233. 
oil  wells,  236. 
Qpen-pit  mines,  235. 
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Short- firing  electric:  power  circuits,  228. 

quarries,  235. 

squibs,  218. 

testing  circuits,  221. 

underground  metal  mining,  229. 

wires,  220. 
Shotr-firing  by  Electricity  (Greensfelder),  216;  Discussion:  (Weeks),  239. 
Shoveling:  Butte  mines,  144. 

Sacramento  Hill,  264. 
Shrinkage,  castings,  types,  834,  856. 
Shrinkage-stope  mining,  disadvantages,  284. 
Siberia:  geology,  1108. 

map,  oil  areas,  1106. 

oil  resources,  1107. 
Sierra  Mojada  district,  Mexico :  claim  map,  557. 

Deonea  mine,  573. 

future,  572. 

geological  history,  562,  586. 

geology,  558. 

location,  556. 

ore  deposits,  563. 

ore  zones,  565,  573. 

origin  of  ore,  564,  577. 

production,  ore,  571. 

prospecting,  571. 

rocks,  558. 

section,  geological,  559,  561. 

structure,  560. 
Signal  installation,  electric,  Butte  Mines,  96. 
Silica,  mineral  filler,  596. 
Silicon-aluminum  alloys,  cracking,  859,  860. 
Silicosis,  382. 
Simons,  Theodore:  Basic  Principles  of  Gravity  Concentration — A  Mathematical  Study, 

431;  Discussion,  461. 
Simpson,  R.  E.  :  Discussion  on  Efficient  Ventilation  of  Metal  Mines,  416. 
Sjogren,  Hjalmar,  biographical  notice,  1165. 
Skillman,    Verne:  Discussion   on  Gas   Absorption   and   Oxidation   of  Non-ferrous 

Metals,  870. 
Slate  flour,  mineral  filler,  597. 
Smelters,  safety  work,  30. 
Smith,  H.  J. :  Discussion  on  Time  to  Pay  Out  as  a  Basis  for  Valuation  of  Oil  Properties, 

1128. 
Smooth  surfacing,  air  shafts,  39,  73. 
SoKd  solutions,  atomic  arrangement,  625. 

Some  Considerations  Affecting  Percentage  of  Extraction  in  Bituminous  Coal  Mines  in 
America  (Stoek),  305;  Discussion:  (Browning),  313;  (Cox),  316;  (Ram- 
say), 317;  (Haas),  320;  (Rice),  322,  324,  325,  327,  328,  329,  330;  (Hosler) 
323;  (Eavenson),  323,  324,  325,  329,  330,  331;  (Stoek),  324,  325,  327, 
328,  329,  330;  (Grady),  324,  328;  (Taylor),  325,  327,  331;  (Clagett), 
326;  (Parker),  327;  (Norris),  328,  329;  (Hall),  330;  (Enzian),  331. 
Some  Electrical  Properties  of  Nickel  and  Monel  Wires  (Hunter,  Sebast,  and  Jones). 

750. 
Solvay  Collieries  Co.,  coal  mining,  316. 
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Specifications,  hoisting  rope,  173. 
Spectrogram :  chromium  and  nickel,  633 

copper,  629,  635,  637,  663,  665. 

germanium  in  zinc,  665. 

gold,  637. 

nickel,  633,  635. 

nomenclature,  639,  640. 

value,  662. 

Zeppelin  metal,  663. 
Spectrograph:  Hilger  Quartz  "D,"  664 

platinum  analysis,  668. 

quantitative  analysis,  667,  669. 

uses,  662. 
Spectrum  Analysis  in  an  Industrial  Laboratory  (Bassett  and  Davis),  662;  Discussion: 
(Brainin),  667;  (Davis),  667;  (Bassett),  667;  (Burgess),  668;  (Elliott), 
668;  (Waldo),  669;  (Burns),  669. 
Spence,  Hugh  S.  :  Discussion  on  Non-nietallic  Mineral-filler  Industry  in  the  South- 
eastern States,  600. 
Spies  Open-stope  System  of  Mining  (Elliott),  282. 

St.  John,  Ancel:  Discussion  on  Crystal  Structure  of  Solid  Solutions,  639. 
St.  John,  H.  M.  :  Discussion  on  Gas  Absorption  and  Oxidation  of  Non-ferrous  Metals,  870. 
Stay,  T.  D.  :  Discussion  on  Cracks  in  Aluminum-alloy  Castings,  859. 
Steam-shovel  Operation  at  Bisbee,  Arizona  (Ziesemer  and  Mieyr),  251. 
Steam -shovel  operations :  costs,  268,  269. 

organization,  268. 
Stevens,    Blame y:  Discussion   on   Basic   Principles   of  Gravity    Concentration — A 

Mathematical  Study,  451. 
Stoek,  H.  H.  :  So7ne  Considerations  Affecting  Percentage  of  Extraction  in  Bituminous 
Coal  Mines  in  America,  305;  Discussion,  324,  325,  327,  328,  329,  330. 

Discussion  on  Coal-mine  Ventilation,  373. 
Stone,  George  C.  :  Discussion  on  Non-metallic  Mineral-filler  Industry  in  the  South- 
eastern States,  599,  600,  601. 
Stope  Cost  Records  and  Mine  Contracts  of  the  Anaconda  Copper  Mining  Co.  (Berrien), 

124. 
Stoping:  Anaconda  Copper  Mining  Co.,  record  forms,  125. 

Ashio  copper  mine,  244. 

methods.  Anaconda  Copper  Mining  Co.,  124. 

safety  rules,  21. 
Storage-battery  Locomotive  as  Applied  to  Mine  Haulage  (Stuart),  153;  Discussion: 
(Eavenson),  167,  168;  (Stuart),  167,  168,  169;  (Kelly),  168;  (Thacher), 
168;  (Patton),  168;  (Bright),  169. 
Storage-battery  locomotives :  advantages,  154. 

Butte  mines,  103,  108,  150. 

combination  type,  103,  170. 

costs,  157,  161. 

panel-system  mining,  160. 

power-demand  effect,  155. 

United  States  Coal  and  Coke  Co.,  163,  167. 
Storage-consumption  coeflficient,  oil  industry,  995,  997,  999. 
Storey,  O.  W.:  Discussion  on  Experiments  unth  Sherardizing,  761. 
Stoughton,  Bradley:  Biographical  Notice  of  Henry  Marion  Howe,  1157. 
Stuart,  Charles  E.:  Storage-battery  Lncomoiive  as  Applied  to  Mine  Haulage,  153; 
Discussion,  107,  168,  109. 
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Studies  on  the  Condilution  of  Binary  Zinc-hase  Alloys  (Peirce),  767;  Discussion: 
(Burgess),  792;  (Peirce),  792,  794;  (Ingall),  792;  (Haughton),  793; 
(Bingham),  794. 
Substations,  mine,  automatic.  111. 
Subsurface  Conditions  on  Portion  of  Arches  Fork  Anticline   (Cottingham),    1138; 

Discussion:  (Reger),  1142. 
Sugar-tube  method  of  dust  determination,  387. 
Sullivan  mine,  British  Cohimbia,  geology,  549. 
Surface  Tension  and  Adsorption  Phenomena  in  Flotation   (Taggart  and  Gaudin), 

479;  Discussion:  (Canby),  530;  (Fahrenwald),  531. 
Surface  tension:  apparatus,  484,  531. 

creosote  effect,  497. 

definition  and  nature,  479. 

depression  in  agitation-froth  tests,  527. 

emulsion  phenomena,  499. 

flotation  relation,  523. 

oil-water  mixtures,  500. 

oleic  acid,  504. 

phenol-cresol-water  diagram,  496. 

soUds,  482. 

soluble-insoluble  systems,  500. 

solution  phenomena,  495. 

tests,  484,  531. 
Surface  tension-concentration  curves,  483,  488,  491,  502,  507. 
Surfacing,  smooth,  air  shafts,  39,  73. 

Swan,  H.  B.  :  Discussion  on  Cracks  in  Aluminum-alloy  Castings,  859. 
Swedish  iron,  Neumann  bands,  914. 

Systems  of  Mining  in  Pocahontas  Coal  Field  and  Recoveries  Obtained  (Clagett),  294; 
Discussion:  (Browning),  313;  (Cox),  316;  (Ramsay),  317;  (Haas),  320; 
(Rice),  322,  324,  325,  327,  328,  329,  330;  (Hosler),  323;  (Eavenson), 

323,  324,  325,  329,  330,  331;  (Stoek),  324,  325,  327, 328, 329, 330;  (Grady), 

324,  328;   (Taylor),   325,   327,   331;   (Clagett),   326;   (Parker),  327; 
(NoRRis),  328,  329;  (Hall),  330;  (Enzian),  331. 

Taggabt,  Arthur  F.  and  Gaudin,  A  M. :  Surface  Tension  and  Adsorption  Phenom- 
ena in  Flotation,  479. 

Talc,  Southeastern  States,  594. 

Tally,  Robert  E.  :  Discussions:  on  Metal-mine  Ventilation  in  the  Southwest,  404. 

on  Mine  Fires  and  Hydraulic  Filling  and  Underground  Fire  Prevention  by 
the  Anaconda  Copper  Mining  Co.,  76. 

Tanner,  W.  N.  and  Jaccard,  F.  C;  Wire  Rope  and  Safety  in  Hoisting  at  Butte  Mines, 
112. 

Taxation,  mines,  federal,  report  of  committee,  1146. 

Taxes,  oil:  Colombia,  1019. 
Mexico,  1001. 

Taylor,  S.  A. :  Discussion  on  Systems  of  Mining  in  Pocahontas  Coal  Field  and  Recov- 
eries Obtained  and  Some  Considerations  Affecting  Percentage  of  Extraction 
in  Bituminous  Coal  Mines  in  America,  325,  327,  331. 

Technical  committees,  xviii. 

Temperature  control,  core  ovens,  876. 

Temperature  Problems  in  Foundry  and  Melting  Room  (Goheen),  873. 

Temperature-resistance  curve,  cast  iron,  white,  922. 

Tensile  strength :  aluminum  alloys,  high  temperatures,  842. 
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Tensil  strength :  aluminum-zinc  alloys,  826,  828. 

bearing  metals,  742. 

cartridge  brass,  annealed,  733. 

nickel-chromium  pig  iron,  934,  950. 
Ternary  diagram,  copper-zinc -tin,  644. 
Testing  Artillery  Cartridge  Cases  (Read  and  Toxtr),  670;  Discussion:  (Dalbey),  723; 

(Bassett),  723,  724;  (Bierbaum),  723;  (Tour),  723. 
Tests:  adsorption,    514. 

aluminum-zinc  alloys,  oxidation,  798. 

ballistic,  cartridge  cases,  711. 

bearing  metals,  735. 

cartridge  cases,  artillery,  675,  680,  684,  689,  696,  698,  711,  712,  723. 

core  ovens,  878. 

mercuric,  cartridge  cases,  692,  723. 

Neumann  bands,  898. 

nickel-chromium  in  cast  iron,  933,  937. 

surface  tension,  484,  531. 
Thacher,   Arthur:   Discussions:  on  Sampling  and  Estimating  Zinc  and  Lead  Ore- 
bodies  in  Mississippi  Valley,  422. 
on  Storage-battery  Locomotive  as  Applied  to  Mine  Haidage,  168. 
"The  Anode,"  27. 

Thermal  analysis,  bearing  metals,  736. 
Thomas,  T.  D.  :  Discussion  on  Coal-mine  Ventilation,  374. 

Three-shift  operation,  anthracite  mining,  see  Anthracite  mining,  three-shift  operation. 
Tillson,  B.  F.:  Discussions:  on  Safety  Practice  for  Hoisting  Ropes,  182,  184, 186. 
on  Use  of  Wire  Rope  in  Mining  Operations,  205. 
on  Wire  Rope  and  Safety  in  Hoisting  at  Butte  Mines,  120,  121. 
Timbering,  safety  rules,  19,  20,  22. 
Timbers,  mine,  oxidation,  34,  55,  58. 
Time  to  Pay  Out  as  a  Basis  for  Valuation  of  Oil  Properties  (Moyeu),  1121;  Discussion; 

(Smith),  1128. 
Tin-copper-zinc,  ternary  diagram,  644. 
Tin  sweat,  bronze  castings,  863. 
Tin-zinc  alloys:  equilibrium  diagram,  780,  781. 

photomicrographs,  791. 
Toteco  oil  pool,  Alexico,  990,  992. 

Tour,  S.  :  Discussion  on  Testing  Artillery  Cartridge  Cases,  723. 
Tour,  S.  and  Read,  J.  Burns:  Testing  Artillery  Cartridge  Cases,  670. 
Tramming:  animal,  149,  168. 

cars,  147. 

hand,  149. 

mechanical,  150. 

rails,  148. 

safety  rules,  19. 

tracks  and  switches,  148. 
Trinidad,  oil,  1055. 
Tubing,  ventUation,  59. 

TuNNELL,  H.  R. :  Handling  Ore  in  Mines  of  Butte  District,  143. 
Twinning,  fluorspar,  893. 

Underground  Fire  Prevention  by  the  Anaconda  Copper  Mining  Co.  (Norris),  77; 
Discussion:  (Hall),  72;  (Daly),  73,  74;  (Haas),  73,  74;  (Harrington), 
74;  (Tally),  76. 
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Underground  stations,  safety  rules,  18. 

United  States :  motor-vehicle  registrations,  972,  975. 

oil  dependence,  956. 

oil  products,  consumption,  962,  968. 

oil  reserves,  953. 

oil,  see  Oil,  United  States. 
U.  S.  Bureau  of  Mines,  ventilation  investigations,  403. 
U.  S.  Coal  and  Coke  Co.,  electric  locomotive  performance,  163,  167. 
Upsala  University,  Bulletin,  1166. 

Upthegrove,  C.  and  Harbert,  W.  G.  :    Physical  Properties  of  Cartridge  Brass,  725. 
Uruguay,  oil  laws,  1066. 
Use  of  Wire  Rope  in  Mining  Operations  (Howe),  189;  Discussion:  (Lunt),  204,  205; 

(Howe),  204;  (Tillson),  205. 
Utah;  accidents,  mining,  360. 

safety  meetings,  366. 

Valuation:  mines,  recommendations  of  committee  on  taxation,  1149. 
oil  properties:  barrel-day  method,  inaccuracy,  1121. 

Big  Injun  Sand,  1123,  1125. 

Eastern  Osage  oil  pool,  1124. 

factors,  1128. 

Glenn  oil  pool,  1124. 

methods,  1121. 

price-per-barrel  effect,  1126. 

Salt  Creek  oil  pool,  1125. 

time-to-pay -out  method,  study,  1122. 
Van  Wagenen,  Hugh  R.  :   Discussion  on  the  British  Columbia  Batholith  and  Related 

Ore  Deposits,  551. 
Vapor  pressure,  sherardizing,  763. 
Velocity,  air  in  mine  shafts,  73. 
Venezuela:  geology,  1052. 
oil,  see  Oil,  Venezuela. 
oil  laws,  1075. 
Ventilation:  Anaconda  Copper  Mining  Co.,  4,  33. 
booster  fans,  49,  372,  375. 
Bureau  of  Mines  investigations,  403. 
Butte  mines:  air  composition,  35. 

air  distribution,  46. 

booster  installations,  49. 

costs,  52. 

dead  ends,  50. 

doors,  46,  56. 

humidity,  36,  37. 

records  and  maps,  51. 

results,  54. 

smooth  surfacing,  39. 

surface  air,  36. 

volume  of  air  in  circulation,  45. 
carbon-dioxide  effect,  374. 
caving-system  mines,  379. 
coal  mining:  air  composition,  369,  373. 

air  data,  371. 

fans,  371,  372,  375. 
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Ventilation:  coal  mining:  methods,  374. 

cost  and  returns,  413. 

distribution  of  air,  407,  411. 

doors,  46,  56,  410. 

dust:  character  and  amount,  382. 
prevention,  381,  384. 
silicosis,  382. 

experimentation,  373,  403. 

fans,  371,  372,  375. 

friction  coefficients,  38,  55. 

heat  generation,  34. 

humidification,  384. 

improvement  possibilities,  401 

kata-thermometer,  389. 

main  air  courses,  409. 

methods,  374. 

mine-fire  fighting,  399. 

mining  method  relation,  398. 

necessity  for  mechanical  ventilation,  408. 

ozone  use,  401. 

primary  and  secondary,  378. 

resistance  to  air,  37,  55. 

reversal  equipment  installation,  400. 

safety  rules,  20. 

Southwest,  metal  mines,  377. 

standard  atmosphere,  393. 

sulfide-ore  mines,  379. 

supervision,  414. 

timber  decay,  34. 

tubing  from  fans,  59. 

working  faces,  411. 
Ventilation  of  Butte  Mines  of  Anaconda  Copper  Mining  Co.  (Richaedson),  33;  Dis- 
cussion: (Harrington),  55;  (Mitke),  57;  (Richardson),  58.  • 

Waldo,  Leonard:  Discussion  on  Spectrum  Analysis  in  an  Industrial  Laboratory,  669. 
Walsh,  Joseph  J.:  Coal-mine  Ventilation,  369;  Discussion,  372,  373,  376. 
Warriner,  J.  B. :  Discussion  on  Can  Anthracite  Mines  be  Operated  Profitably  on  More 

than  One  Shift?  359. 
Washburne,  Chester  W.  and  White,  K.  D.  :  Oil  Possibilities  of  Colombia,  1023. 
Water,  Calumet  &  Arizona  mines,  analysis,  553. 
Weeks,  W.  S.  :  Discussion  on  Shot-firing  by  Electricity,  239. 
Weigel,  W.  M.  :  Non-metallic  Mineral-filler  Indxistry  in  the  Southeastern  States,  587; 

Discussion,  602. 
West  Indies,  oil,  possible  areas,  1082. 

oil  reserves,  1082. 

zones,  1082. 
White  cast  iron,  see  Cast  iron,  white. 
White  clay :  preparation,  588. 

Southeastern  States,  588. 
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